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COMMERCIAL JET TRANSPORT CRASHWORTHINESS
EDWARD WIDMAYER, JR. AND OTTO B, BRENDE
Boeing Commercial Airplane Company
1.0 SUMMARY .

This report presents the results of a study to identify areas of research and approaches that may
result in improved occupant survivability and crashworthiness of transport aircraft. This study was
jointly sponsored by National Aeronautics and Space Agency (NASA) and the Federal Aviation
Administration (FAA). The thruat of the study is the definition of arveas of structural crashworthiness
for transport aircraft which might form the basis for a NASA/FAA Research Program.

NASA and the FAA are planning a 10-year research and development program to improve the
structural impact resistance of general aviation and commercial jet transport aircraft, As part of this
program parallel studies have been conducted by The Lockheed California Company, The Douglas
Aircraft Company, and The Boeing Commercial Airplane Corapany to review the accident experience
of commercial transport aircraft, assess the accident performance of structural components and the
status of impact resistance technology, and recommend areas of research and development for that
10-year plan. This report gives the results of the Boeing study.




2.0 INTRODUCTION
The acopa of the study from the contractun! statement of work ia:

“A study to define approaches to improve the crashworthiness of transport aireraft is described in
this statement of work, Aircraft accident data and current aircraft design practices will be used to
define a range of ¢rush conditions that might form the basis for developing crashworthiness design
technology. In addition, analytical and/or experimental tachniques required to determine the
fdequacy of crashworthy design features will be defined and the adequacy of existing methods and
techniques will be evaluated. While meeting the specific objectives of this study, consideration

should be given {o the increasing role advanced composite materials might play in the design of
future transports.

Resume of tasks:

1. Toreview and evaluate transport aircraft accident data to define & range of crash situations that
may form the basis for developing improved crashworthiness design technology.,

2. Identify structural components and aircraft systems that significantly participate in or influence
the crash dynamic behavior of an aircraft in the scenarios defined in 1.

3.  To define areas of research and approaches for improving crashworthiness.

4. To identify test techniques, test data, analytical methods, ete. needed to evaluate the crash
dynamic response of transport aircraft.”

BACKGROUND

Safety ia the primary consideration in the design and operation of commercial transport aircraft.
For over 40 years the FAA with i.s predecesso: the Civil Aeronautics Administration (CAA),
NASA and its predecessor National Advisory Committee for Aeronautics (NACA), the National
Transportation Safety Board (NTSB), the airlines, unions, the manufacturers and other foreign
government agencies have contributed to the development and advancement of safety in
commercial aviation. Their efforts have resulted in the Federal Aviation Regulations (FAR) which
define the minimum standards for safety. These regulations are continually reviewed to ascertain
the adequacy of the standards, This concern is reflected in the safety record of air carriers jet
aircraft operations over the past 20 years. Figure 2.1 shows that the accident rate for all types of
accidents has declined to about 2.5 per million departures.

The continuing concern for safety at Boeing has placed an emphasis on determining the cause of
accidents and evaluating the crashworthiness of nircraft structure and systems. Because of this
emphasis, safety related design changes and improvements, based on operational experience and
accident data, are continually being evaluated and often incorporated in new design aircraft and
in-service aircraft.

However, the initial conditions of an accident and the subsequent responses of the aircraft are
complex phenomena and it is difficult to quantify the level of structural crashworthiness of a
specific design or to compare one design to another. For design improvements, the crash
environment is known only in genernl terms.

Current technology is based on the best available knowledge obtained from accident SUrveys, some
complete aircraft crash tests, seat/occupant tests, and from military and automolive programs
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aimed at specific probloms. Each manufacturer of aircraft has doveloped empirical engincering
practicos that treat structural crashworthiness. These practices while producing good producta,
are extremely limited in application.

Some analytical tools have been developed for modeling the nonlinear response of occupants in
seats and of aircraft structures. These tools have constraints due to lack of computing power and
have had limited validation and application, This in turn has limited the development of technical
approaches to crash modeling and simulation, Further, it is not esatablished that these tools include
all the technology necessary to adequately treat the complete structural crashworthiness problem,

With regard to facilities and methods for testing for crashworthiness, some facilities are currently
available or under development. Some test methods have been developed by the FAA, NASA, and
the U.S. Army for seats, componernts, and general aviation aircraft and helicoptera. Full-scale
aireraft crash test methods are being extended by the FAA and NASA.

The Bocing atudy under this contract is limited to commercial jet transport aircraft. This is the area of
Boeing Commercial Airplane Company expertise and conforms to the company product line. It also
refiects the structure of the world fleet. The world transport fleet aa of 1880 consisted of 75.7% jet
gireraft, 15.7% turboprop aircraft, 8% piston engined aircraft and 0.5% helicopters. Aireraft on order are
divided 9 to 1 towards jet aircraft. This implies that the percentage of jet aircraft in the fleet will
increase during the time frame of the potential NASA/FAA research program.

While the recommendations for research arising in this study are directed towards technology for
commercial jet transports there is an applicability to the general and private aviation sectors as well.
Development of analytical methods, test techniques and facilities also have applicability to military
aircraft and the automotive industry.

REPORT ORGANIZATION

The main sections of the report are Accident Data Review and Scenario Identification, Role of
Structural Components in Crashworthiness, Current State of Crashworthiness Technology, and
Conclusions and Recommendations. Accident Data Review and Scenario Identification discuss
gottrces and selection of accidents, various categories of the data, accident scenario development,

and ranges of impact conditions for the scenarios. The Role of Structural Components in
Crashworthiness treats the participation of structural components, accident severity and
survivability, interaction of components, problem areas for advanced materials in structural
componenta. The Current State of Crashworthiness Technology considers the U.S. Army's Aircraft
Crash Survival Design Guide, occupant modeling and human impact tolerance, structural modeling
and test technology, assesses the technology and discusses research to improve the technology.

Conclusions and Recommendations presents areas for research and development to be included in
the NASA/FAA 10-year General Aviation and Commercial Transport Aircraft Crashworthiness.
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3.0 ACCIDENT DATA REVIEW AND SCENARIO IDENTIFICATION

A review and evaluation of accident data has been made for the years 19691878 which cover the

commercial jet tranaport worldwide operations for aircraft certified under Federal Aviation

Regulativns (FAR), Part 25, The total accident base has been reviewed, and potentially survivable
' accidenta have been selected for further analysis.

These accidents have been categorized with respect to airplane size, configuration, crash
environment, operational condition, cause of accident, injuries, structural damage, and fire
hazard. These categories are discussed and the level of engineering data in accident reports is
assessed.

.

Three basic crash scenarios have been developed from the sequence of events observed in the
accidents. These scenarios have been divided further into subsets to account for variations between
accidents within a scenario. The range of initial conditions for each subaet has been eatablished,
These scenarios may serve as a starting point for research on crashworthiness, but require further
refinement to reflect current accident experience.

Y
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BOEING ACCIDENT FILE AND STUDY DATA BASE

The Boeing file of aircraft accidents and incidents is limited to all known commercial jet aireraft
occurrences involving worldwide aircarrier operation since 1959. For research, study, and analysis
purposes, a selected group of these accidents form a “statistical data bank” of 583 occurrences that
include all operations from 1959 through 1979, Excluded from this statistical data bank are
occurrences that involve factors beyond the control of the airframe manufacturer such as
sabotage, military action, military operations, turbulence injury, and evacuation injury (unless
caused by a hardware deficiency).

Accident data have been obtained from various sources. FAA/CAB reports and NTSB reports of
US. aircarrier accidents, have been used extensively. While the early reports (circa 1960)
contained, for the most part, spmse details on structural factors and on the cause of
injury/fatalities, the later reports arc much more complete. Human Factors Factual Reports
prepared by the NTSB are particularly usefu! with respect to the sequence of events, cause of
injury/fatalities, performance of cabin interior equipment and egress factors, Containing
somewhat less data are the International Civil Aviation Organization of the United Nations
(ICAO) released accident reports of both U.S. and foreign aircarrier occurrences. Other sources of
accident information include the British Air Registration Board, Airline Pilots Association, and
airline reports, official accident reports released by foreign governments, periodicale and

newspaper accounts, and the Boeing Company files, The Boeing data base is summarized in
figure 3.1.

The relationship between fatalities and hull loss is shown in figure 3.2, Here it may be 3ecn that of

. the 275 hull losses, 206 involved fatalities and the three fatal injury accidents involved substantial
damage to the aircraft.

The percentage of accidents by operational phase and by operational time is shown in figure 3.3,
Considering those operational phases saking place near or on the ground, 79.3% of the accidents
occur in 18% of the operational time, Further, those accidents that occur during climb, cruise, and
descent are generally nonsurvivable and outside the range of thia study.
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Ot thoso operational accidonts

D . e -

H83 totnl accidomts® of all typos

147 uwolvod U.S. carrler domeastic oparations
40 involved U.8. carrivt intornational openitions
28 wolvaed U.S. carrior tast and training oparalions
42 involved U8, ciurior non-schodulod and cargo oparations
72 involvud toroign carrior domostic operations
168  involved forgign carrier intornational oporations
43 Involved foreign carrior tost and training operations
43 involved foroign carrier non-schoduled and cargo oporations

e e - . —

275 rtosulted in hull loss

214 involved fatalitios of passengors and/or crow
on board the commarcial jot aircraft.

*Excludes: Noteo: excludes 33 non-oparational hull lossos
Turbulence (inury) and 15 sabotago or military sction bull lossos.
Emargency ovacuation (injury)

Sabotage

Mititary action/mititary opearations

Figure 3.1-Accidents During Twenty Years of Jet Operations
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STUDY DATA BASE

A study data base was formod from the accident data base.Atleast one of the following eriterin muat
exist for consideration in the study:

1. Airframe survivable volume maintained (prior to severo fire)
2. At least one occupant did not die from trauma

3. Dotontinl for egress present

4.  Accident demonstrates structural or system performance

1t should be noted that criterion (2) is significantly more severe than the FAR criterion (see app. D,
fig. 3.6) or N'I'SB definitions (see app. A) of a survivable accident. Criterion (2) does not mean that if
one survives all should survive, rather that one occupant was able to withstand this accident
environment in his immediate vicinity. This permits accidents to be considered for research definition
and direction that are beyond the scope of current design criteria.

Using the above criteria, about 400 accidents were selected from the total data base of 583. These
400 were then subject to an in-depth review and many were eliminated from further consideration
because no injury occurred and/or the aircraft was structurally crashworthy to that level of crash
environment. Qther accidents were eliminated because the injury was due to human behavior rather
than other factors, Following this preliminary review a list of apnroximately 200 "candidate
accidents” was selected for detailed review. These accidents were deemed to have the potential for
a reduction in injuries/fatalities if some increase in crashworthiness were provided, or that
demonstrated significant crash performance of the structure. For these 200 accidents, data forms
{see app. B) were completed to the extent of the nvailable data.

Detailed reviews of these 200 cases resulted in additional eliminations and a final list of 1563
accidents for this study (see fig. 2.1). These accidents are designated us “potentially survivable”
throughout the report. The sclected list wns checked againat the injury and hull loss lista of the
Boeing data.base to ensure completeness. Appendix C gives a list of accidents for 1980 for future
consideration.

1t should be noted that the inclusion of the less severe accidents might alter any statistics derived
from the data base. Consequently, care is required in comparing the results of this study to studies
using other data bases. However, comparisons to other studies indicate that all of the known severe
potentially survivable accidents involving commercial jet transporta have been included in the study
data base.

The data base does not represent the complete distribution of possible accidents in the statisticul
sense. There are probably types of accidents that might happen in the future that are not
represented, The accident duta base does not represent a stationary random process. Certain types
of accidents that oceurred during the jet introduction period are not seen in the mature stage. This
could have an important impact on the selection of scenarios for future design consideration,
Fvidence of this maturity is seen in figure 2.1 by the marked decrease in the accident rate with time.
Further, care must be exercised in predictions of future oecurrences from the past.

A summary of the sclected study data base is presented in table 3.1. As may be seen, 87% of the
cases involve hull loss and 78% of the cases involve futalities or serious injury, while fire occurred
in 67% of the cases. Fatalities due to fire wers present in 37% of the cases, fatalities due to trauma
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Table 3.1~Data Base Summary

P.‘., | Casos- %
Tota! accidents 153 100.0
Foraeign o 59.5
U.S. and possessions &2 40.5
Hull loss 133 87
Fatalities or serious Injury 1189 78
Fire 103 67
Fire caused fatalilies 57 37
Trauma caused falalities 55 36
Browning 10 6.5
Special 4 26

10
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were present in 36% of the cases, and fatalitiea due to drowning were present in 6% of tho cases.
The selected cases clearly represent serious necidents,

The 707 sceident in Tahiti, in which there was one survivor, has not been included in the data base
because the aircraft was not recovered and the survivor could not supply any details s to what
happened. Four special cases are included in the data buse. The first special case i8 the 707 in
London in 1968 where the aircraft caught fire on takeoff and made a successful landing but five
deaths occurred during evacuation due to fire, The second special case is the DC-8 at Toronto in
1970 where the aircraft was demaged during an atterapted landing and exploded during the
subsequent attempted go-around killing the 108 occupants. The third special case is the DC-9 in
Boston in 1973 where the aircraft struck u seawall, broke up and burned, but one passenger walked
out of the fire but died within 24 hours. The fourth special case is the 737 Madras accident on April
26, 1979, in which the detonation of an explosive device in the forward lavatory led to landing
conditions that resulted in an overrun,

The study data base is presented in table 3.2. Accidents are listed by date (month, day, year),
aircraft type, and location of the accident. Hull loss is indicated by x with a blank indicating substantial
damage. Number of occupants, fatalities, and serious injuries are: lso shown. Flight phase (takeoff,
initial climb, approach, landing, taxi) and the presence of fire are indicated.

Accidents have been nssessed as impact survivable (YES) if no deaths were attributed to trauma.
Accidents have been assessed as partially impact survivable (PAR) if some deaths were attributed to
trauma but there were some deaths attributed directly to fire related causes or there were survivors.
Those accidents in which there were some survivors but the cause of fatalities was not determined
have been lobelled as undefined (UDF).

CATEGORIZATION OF THE ACCIDENT DATA
PROBABLE CAUSE OF ACCIDENTS

The probable cause of the accidents is presented in figure 3.4. “Probable cause” is based on the
determination of the accident investigation body. For 13 accidents the cause is unknown. For 140
casen where cause has been determined, 78.6% of the cases are attributed to the cockpit crew,
11.4% to the sirplane, 5% to weather, 2.2% to the airport/air traffic controller, 1.4% to
miscellanecus, 0.7% to maintenance, and 0.7% to subotage.

The aircraft was the cause of the accident in 11.4% of the cases. Landing gear systems and support
structure were involved in seven accidents. Failures involved brakes, wheels, tives, and structure,
Engine disintegration, thrust loss, aud thrust reversers were involved in six accidents, Flight
instrumentation was involved in two accidents and ground spoilers and elevator trim tab were
involved in one accident each.

From these data it may be concluded that about 89% of the accidents might have been avoided by
improved pilot assistance and ground control. The most aignificant improvementa in safety may be
obtained through accident avoidance. Such items as ground proximity werning, wind shear
detection, automated landing and navigation systems, and advanced integrated systems for pilot
assistance offer the best hope for eliminating most accidents in the "avoidable™ category.

Improved ground control and reduction of hazards on and around airports ia another arca for
improved safety. The avoidance of colligions between aircraft and with ground vehicles should be
attainable. Reduction of hazards such as drainage ditches, poles, trees, columns, outbuildings, and
birds from airporta is a matter of concern. In addition the short/foverrun areas for runways could be
improved to reduce the severity of accidents in these arcas.
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101959
OR2759
022060
o7nm
0119641
061561
122161
092461
032761
072761
060362
082062
070363
031864
040764
112364
032264
050265
070165
110865
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0913u5
022765
070466
082666
030466
063066
122466
021566
110667
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030567
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110567
122768
032868
061368
060368
032168
020768
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040868
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080268
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CHT
M7
nca
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707
CMY
720
CvL
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1]
CvL
8AC
707
707
CHT
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707
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727
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18]
880
nca
TRI
nCce
oVl
107
RRO
DCR
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CMT
aao
0C9
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107
727
727
107
12?7
107
107
DCc8
BAC
bes
721
0C8
727
BAC

Table 3.2-Study Data Base

050, WASHINGTON
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BUENOS AIRES
DENVER
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HAMBURG

PARIS, ORLY
RIO DE JANIERO
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SINGAPORE
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Table 3.2-Study Data Base (Continued)
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) s IFS e &8
S & & &5
(1R246Q BRO MOSES LAKE X &3 7 CLI FIRE YES
021170 707 STOCKTON, CA A0 1 LNG YES
‘ 071970 737 PHILADELPHIA x 620 1 T0 YES
09N870 DCQ LOUTSVILLE a4 0 0 LDG FIRE YES
122870 727 ST. THOMAS §5 2 11 LDG FIRE YES
080870 990 ACAPULCO 80 8 LDG FIRE YES
112770 DCB ANCHORAGE 229 47 47 T0 FIRE YES
072770 DC8B NAHA, OKINAWA 44 0 APP PAR WAT
020970 CMT MUNICH 230 0 T0 FIRE YES
033170 CVL CASABLANCA 82 61 21 APP FIRE UDF
050270 DC9 ST. CROIX, V.I. 63 25 25 LDG PAR WAT
070570 OC8 TORONTO 108 108 0 LDG FIRE YES
091570 DC8 JFK 156 0 11 LDG FIRE YES

010570 990 STOCKHOLM
071970 BAC GERONA, SPAIN
120770 BAC CONSTANA

xxxxxxxxxxxxxxxxxxxxxxxx
LA
~3
—
[=~]

4
3
?
113070 707 TEL AVIV 30 0 T0 FIRE YES
012371 707 BOMBAY 50 0 T0 FIRE YES
090671 BAC HAMBURG 121 22 ? CL! FIRE UDF 1
121571 707 URUNCHI, CHINA 30 0 LDG YES
051872 0C9 FT. LAUDERDALE 100 3 LDG FIRE YES
092472 DC8 BOMBAY 120 0 0O LDG FIRE YES
120872 737 CHICAGO MIDWAY 61 43 12 APP FIRE PAR
121572 747 MIAMI 1600 © LDG YES
122072 DC9 CHICAGO O'HARE 4R 10 9 TO FIRE YES
122977 L10 MIAM] 176 99 60 APP FIRE N0 WAT
012172 DC9 ADANA 51 ? APP FIRE UDF
041772 VCY ADDIS ARABA 107 43 7 T0 FIRE UDF *
NR137?2 707 JFK 18 0 0 T0O FIRE YES ‘
112877 DCR MOSCOW, USSR X 76 61 15 CLI FIRE UDF %
122372 £28 OSLO X 45 40 ? APP FIRE UDF i
122872 F?8 BOLBAD, SPAIN X 40 4 LDG YES
030573 707 DENVER 30 0 T0O FIRE YES
073173 DCO BOSTON, MASS. X 890 89 0 APP FIRE PAR
112773 0C9 CHATTANOOGA X 770 5 APP FIRE YES
112773 DC9 AKRON, OHIO X 260 16 LOG YES
012273 707 KHARO, NIGERIA X 202 172 1 LDG FIRE YES
053173 737 NEW DELMI X 65 52 7 APP FIRE YES
060973 707 RIO DE JANEIRQ X 42 0 APP PAR WAT
102873 737 GREENSBORO 96 0 0 LDG FIRE YES
061673 707 BUENDS AIRES 86 0 O LDG FIRE YES
' 062373 DC8 JFK 1280 8 LDG FIRE YES
121773 DCS GREENSBORO 910 0 TO FIRE YES
121773 DC1 BOSTON X 151 0 3 LOG FIRE YES a
121973 707 NEW DELHI X 109 0 3 LDG FIRE YES !
122373 CVL MANAUS, BRAZIL X §20 1 LDG YES :
’ 011674 707 LOS ANGELES X 630 3 LDG FIRE YES ;
011374 707 PAGO PAGO, AM, SAMOA X 101 97 5 APP FIRE YES
091174 OCS CHARLOTTE, N.C. X 8271 10 APP FIRE PAR
091174 727 PORTO ALEGRE ,BRAZIL 740 0 LDG YES
010174 F28 TURIN, TTALY X 47 38 4 APP FIRE UDF
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031574
112074
020975
033175
062475
080775
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010276
040570
042276
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030477
031277
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00277
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n2n
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11777
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030378
040278
040478
050878
052578
veZuld
070978
103179
111578
121778
122378
122978
0132578
020979
021979
031479
42679
100779

F?8
CVL
747
BAC
737
727
727
F28
727
Del
F28
747
OCl
727
720
727
0C9
830
DCY
ocs
707
147
747
nco
nea
nCA
727
RAC
CVL
nce
747
737
oCl
oca
737
73
727
8680
bc9
BAC
pel
oca
137
0Cce
pca
720
nco
707
127
737
niCR

Table 3.2-Study Data Base (Concluded)

17MIR, TURKEY
TEHRAN, TRAN
NAIROBI, KENYA
LAKE TAHOE
CASPER, WYO.

JFK

DENVER

PALEMBANG
RALEIGH, N.C,
JFK

NR. BUENOS AIRES
ANCHORAGE

1 5TANBUL
KETCHIKAN
BARRANQUILLA, COL.
ST, THOMAS, V.1.
PHILADELPHIA
MIAMI

DENVER

NIAMEY, NIGER
PRESTWICK
TENERIFE
TENERIFE

NEW HOPE, GA.
KUALA LUMPLR
SHANNON

MADE IRA
RARILOCHE, ARG,
MADE IRA

TOKYD

JFK

CRANBROOK, B.C,
LOS ANGELES
SANTIAGO DE COMPO,
SAD PAULO
CHARLRO], BELGIUM
PENSACOLA

MiAM]

TORUNTO
ROCHESTER

MEXICO CIETY
COLUMBO, SRI LANKA
HYDERABAD, INDIA
PALERMO, 1TALY
PORTLAKD, OREGON
LONDON

MIAM]

ST. LUCTA

DOHA, DATAR
MADRAS

ATHENS
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q.
S &
S Q§
e RS
o TS F ¢
PFFIITYEY ¢
X 7765 7 CLI FIRE
X 96 15 1t TAX FIRE
X 157 59 44 CLI FIRE
X 440 0 TO
X 990 1 LDG
X 174 112 12 APP FIRE
X134 0 15 CLI
X 62 25 1t LDG FIRE
1390 1 ApP
X 1330 2 T0 FIRE
X 66 0 0 APP
121 0 2 TAX
X373 0 1 LDG FIRE
X 571 32 LOG FIRE
X 40 1 APP FIRE
X 88 37 19 LDG FIRE
X 105 ¢ 36 LDG
X 30 1 1O
X 8560 2 T0 FIRE
X 4 2 2 APP FIRE
X 40 0 TO FIRE
X 196 334 62 TAX FIRE
X 246 246 0 TO FIRE
X A& 62 27 APP FIRE
X 7¢ 34 ? APP FIRE
X 279 0 1 TO0 FIRE
X 164 178 36 LDG FIRE
X 79 45 34 APP
¥ 57 36 13 LOG
X 140 0 0 T0
10 O LG
X 49 42 5 LDG FIRE
X197 2 31 10 FIRE
X 2220 82 LD
X 420 0 LbG FIRE
X 30 0 LDG FIRE
X 58 3 11 APP
X 60 0 TO
X 107 2 T 70
70 1 LDG
X 87 70 17 LDG FIRE
X 289 195 7 APP FIRE
1126 1 4 TO FIRE
X 129 108 7 LDG
X 186 10 23 App
a2 0 T LDG
Y 50 1 (Cul
1700 0 APP
X 64 45 15 APP FIRE
X 670 8 1DG FIRE
Y 154 14 0 LDG FIRE

WAT
WAT

WAT

WAT

Ay




! L

HAGI BRI

Probable cause

Number of
acciden!s

Selected Impact survivable accldents
all operation 1959-1979 world wide air carrlors

Parcent of accldents with known causes

10 20 30 40 50 60
- | 1

70
L

80

100

Cockpit crow
Airplane
Weather

AlrporV/Atc. .
Misc.
Maint.

Sabotage

Fotal
Unknown

140
13

Total

153

Figure 3.4 -Probable Cause of Accidents
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AIRCRAFT SIZE

Accident cases were categorized with reapect to size as measured by gross weight. The 737, DC.y,
Comet IV, BAC-111, Trident, F28 and Caravelle form a short haul group up to 72.6 tonnes. The
720, 727, 880, and 990 aro included in the 72.5 to 113 tonnes short haul group, The 707 and the
DC-8 are in the 113 to 168 tonnes narrow-body long haul group, Wide-body aircraft such aas the
L-1011, DC-10, and the 747 are in the over 168-tonne wide-body long haul group.

Referring to figure 3.5, it may be seen that each size group is represented in the data base. Smaller
short haul aircraft constitute approximataly 40% of the cases, larger short haul group approximately 20%

of the cascs, narvow-body long haul group approximately 36% and wide-body long haul mircraft ..

approximately 5%.

Of particulur interest is the effect of size on aircraft crash performance and survivability. Considering
the effects of scale as in dynamic modeling, it might be expected that larger aircraft would fare better
than smaller aircraft if the crash environment ia not scaled up. Further, the individual occupant does
not scale up, but becomes relatively smaller in the larger aircraft with a corresponding improvement
in his survival progpects. For instance, fuselage structural elements such as frames and stringers are
stronger in an absolute sense and offer greater energy absorbing capability for larger commercial jot
aireraft than for smaller propeller-driven aircraft, This feature provides an inherent crashworthiness to
the jet as compared to the propeller aireraft.

A qualitative assesament of the accident data scems to indicate that relative size within the jet group
has only minor effects on the crash performance of conumercial jet transports. In general, it takesa
larger tree, a larger house, and a deeper or wider ditch to do equivalent damage to a large aircraft.
Since no two accidents are identical, an accurate comparison of damage between a large and amall
jet airframe cannot be made.

There is some indication that there may be some effect of size between some smaller propeller-
driven transport aircraft and the current jet fleet. Three accidents not included in the study data base
were reviewed that involve high wing propeller-driven aircraft of one generic type. In these accidents
the seat response was different from that observed in survivable jet aircraft accidents in that many
seats separated. Further, there were instances of seat “stacking” in the forward fuselage and seat
ejection on a large scale. These propeller-driven aircraft while smaller than the jet aircraft were
certified to the FAR 9 g longitudinal deceleration requirement. But, because of dimensional and
structural 2rrangement differences these smaller aircraft present a higher impedance to the scats
than do the larger jet aircraft. This may account for the different seat crash response as seen by the
two types of aircraft.

AIRCRAFT CONFIGURATION

Accident cases were .ategorized with respect to configuration, Emphasis was placed on differences
between aircraft types and service uses. The aircraft fuselage internal configuration was classified
according to type of service, i.e. passenger or nonpassenger. Also in the internal fuselage
configuration is the presence of body fuel cells and body fuel lines. The external configuration
differences are related to fusclage width, engine placement, landing gear, and fuel cells.

Referring to figure 3.5, it may be seen that spproximately 20% involve nonpassenger service.
Nonpassenger service was further divided into cargo, training, and positioning flighta.

Regarding cargo service, a review of the accident data shows some cases where cargo shift during
the accident increased the hazard to the flight crew. A notable instance is the Miami 880 accident on

December 16, 1976 where cattle pens broke loose during an overrun and blocked the
cockpit door.
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Figure 3.5-Accident Data Categories
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Training accidents most frequently involve engine-out takeoff attempta. These accidenta involve
extreme yaw and roll angles with ground strikes of winga, engines or aft fuselage. Some accidents
involve touch-and-go landing practice.

The principal variation in structural configuration ie in placement of engines, Approximately 60% of the
accidenta involve aircraft with wing mounted engines and 37% invelve aft mounted engines, while 3%
involve wing and aft body mounted engines, The aft mounted engines only separated from the
aircraft due to high acceleration loading, while the wing/pylon mounted engines separated both from
high accelerations and from contact with external objects. Tle Comet IV hae engines mounted
internally in the wings which contained the engines in a crash.

Engine placement was observed to affect the fire hazard, Associated with the aft body location is the
breaking of engine fuel lines and also of body fuel lines, The wing pylon mounted location had in
addition to fuel line breaks, the rupturing of wing fuel tanks due to pylon/engine separation. Fires
occurred in engines internally mounted in the wing.

The wide-body long haul aircraft have main body landing gear in addition to the wing mounted gear.
Here the crash response was to transfer high impact loads to the fuselage structure.

With regard to fuel cells, the Comet IV has.wing pod tanks. These tanks have separated due to high
accelerations and have contacted external objects. The associated fire hazard was
tank rupture,

TYPES OF INJURIES

The data base contains 119 accidents or 67%-involving fatalities and/or serious injury. For this
study the NTSB definitions (see app. A) have been extended further to identify the cause of the
fatality/injury. Trauma is taken to mean that the fatality/injury is caused by mechanical forces
such as inertia forces resulting from high accelerations or from impact with the surrounding
structure. Fire/amoke is assigned to those fatalities/injuries that result from burns, inhalation of
hot gases, smoke or noxious fumes. In some cases, passengors are presumed to have received
trauma injuries that prevented or slowed down their egress and as a result they died of smoke or
flames. For those accidents where the aircraft stopped in water, fatalities due to drowning are
identified. No attempt has been made to identify injuries (chemical burns) due to.contact with-raw
fuel although some inatances have occurred in both land and water accidents.

Referring to figure 3.5, it may be seen that approximately 35% of the accidents involve fatalities due to
trauma, 37% invelve fire/simoke, and 6% involve drowning. With respect to the serious injuries, 60%
involve trauma, and 30% involve fire/emoke. It should be noted that some accidents may involve
combinations of the above causes of injury.

OPERATIONAL PHASE

Five operational phasea were used for grouping the accidents. These are takeoff, climb, approach,
landing, and taxi. Referring to figure 3.5, it may he seen that takeoff involved 22.6%, climb
involved 7.9%, approach invclved 30.6%, landing involved 37.1% and taxi involved 2.0% of the
accident cases,

The groupings by operational phase are given in table 3.3 with a brief description of the accident.
From these data, the complexity of the accidents may be observed. While frequently there are
commmon factors between accidents, when the details are considered each accident is a
separate event,
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STRUCTURAL DAMAGE

The accident data baso containg 133 cases involving hull loss and 20 cases involving substantial
damage. There ure 103 cases in which fire waa present. In upproximately 90% of these cnses the
atreraft was a hull loss.

Referring to figure 1.5, it may be scon that engine separation occurred in 55%, landing gear
collapse or separation occurred in 66%, wing box breaks occurred in 45%, fuselage breaks occurred
in 48%, and water ditching impact brenkup occurred in 8% of the accidents, The separation of an
engine and the breaking of a wing box imply fuel spills. In some instances a fuselage break in an
aircraft with aft mounted engines also caused a fuel spill. Water ditching impact breakup is
considered separately from fusclage breaks because in general the forces involved are different.

FIRE HAZARD

Fire was present in 103 accidents. In 95 of these cases the aircraft was a hull loss and in the others
the aircraft suffered substantial damage. In addition, there were 22 accidents in which a fuel spill
occurred but for which there was no fire. Some of these involved situations where the aireraft came
to rest in water or where the climatic conditions, such as low temperature, precluded the
vaporization of fuel or where terrain drained the fuel away from the aircraft, except for these
circumstances, those cases might also involve fire casualties or further aircraft damage.

Containment of fuel, spread/scatter of fuel, and ignition of fuel constitute major areas of study for
improving survivability in jet transport accidents. Ignition sources are usually present in aircraft
crashes. Landing gear failure usually produces showers of sparks due to friction of structure rubbing
the ground. Hot sections of engines also provide an ignition source. Electrical arcing may occur
when the electrical compartment is penetrated or when electric wiring is severed as in the instance
of engine/pylon separation.

CRASH ENVIRONMENT

In crashes, aircraft encounter a variety of hazards. These hazards consititute a hostile environment.
In an attempt to classify this environment hazards have been divided into three general categories:
terrain, water, and obstruetions.

Terrain may be further separated into hazards relating to surface bearing capacity, contours and
ground plane for contact by the aircraft. The characteristics of water are depth and sea state.
Obstructions are divided into four groups, based roughly on the manner in which aircraft receives
crash loads. These groups are columnar, impaling, frontal, and other.

The hoatile environment is shown in figure 3.6. Examples of types of hazards that have been
encountered in eccidents in the data base are shown in parenthesis. In simple accidents, one hazard
may be encountered. More complex accidents may involve several hazards encountered in various
sequences.

COMMENTS ON ACCIDENT DATA

Some commenta on the content of engineering data relevant to structural crashworthiness available
in accident reports are in order. In general, the content of engineering data has increased over the
years ae the awareness of crashworthiness increased. However, data content has tended to lag
behind the technology.
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STRUCTURAL DAMAGE

The accident data base contains 133 cases involving hull loss and 20 cases involving subatantial
damage. There are 103 cases in which fire was present. In approximately 90% of these cases the
aireraft-waos a hull losa,

Referring to figure 3.5, it may be seen that engine separation occurred in 56%, landing gear
collapse or separation occurred in 65%, wing box breaks occurred in 45%, fuselage breaks occurred
in 48%, and water ditching impact breakup occurred in 3% of the accidents, The separation of an
engine and the breaking of a wing box imply fuel spills, In some instances & fuselage break in an
gircraft with aft mounted engines also caused.a fuel spill. Water ditching impact breakup is
considered separately from fuselage breaks because in general the forces involved are different.

FIRE HAZARD

Fire was present in 103 accidents. In 95 of these cases the aircraft was a hull loss and in the othera
the aircraft suffered substantial damage. In addition, there were 22 accidents in which a fuel spill
occurred but for which there was no fire, Some of these involved situationa where the aircraft came
to rest in water or where the climaiic conditions, such as low temperature, precluded the
vaporization of fuel or where terrain drained the fuel away from the aircraft, except for these
circumetances, those cases might also involve fire casualties or further aircraft damage.

Containment of fuel, spread/scatter of fuel, and ignition of fuel constitute major areas of study for
improving survivability in jet transport accidents. Ignition sources are usually present in aircraft
crashes, Landing gear failure usually produces showers nf sparks due to friction of structure rubbing
the ground. Hot sections of engines also provide an ignition source. Electrical arcing may occur
when the electrical compartment is penetrated or when electric wiring is severed as in the instance
of engine/pylon separation.

CRASH ENVIRONMENT

In crashes, aircraft encounter a variety of hazards. These hazards consititute a hostile environment.
In an attempt to classify this environment hazards have been divided into three general categories:
terrain, water, and obstructions.

Terrain may be further separated into hazards relating to surface bearing capacity, contours and
ground plane for contact by the aircraft. The characteristics of water are depth and sea state.
Obstructions are divided into four groups, based roughly on the manner in which aircraft receives
crash loads. These groups are columnar, impaling, frontal, and other.

The hostile environment is shown in figure 3.6. Examples of types of hazarda that have been
encountered in accidents in the data base are shown in parenthesis. In simple accidents, one hazard
may be encountered. More complex accidents may involve several hazards encountered in various
scquences,

COMMENTS ON ACCIDENT DATA

Some comments on the content of engineering data relevant to structural crashworthiness available
in accident reports are in order. In general, the content of engineering data has increased over the
years as the awareness of crashworthiness increased, However, data content has tended to lug
behind the technology.

T




el R -RER = A

Hostile environment

1 1
Terrain Obstructions
1
| 1 I 1
Contour Bearing Columnar Impaling Frontal
(Hilis, elevated (Mud) (Trees) {Stumps) {Building}
{and/gradual slope)
{Ditcheas) (Sand) {Poles) (Posts) (Fences)
(Embankments +) {Soft earth) {Towers) (Walls)
(Clitfs) (Soft pavement) {Fence posts) (Snow banks)
{Boulders) {Rock) {Equipmant)
(Concrete slabs) (Other A/C)
1
| Ground contact Water OQthar
| other than gear
{Fuselage) (Depth) {Wire utlity) : 1
{Wwing) (Sea state) (Runway lights)
i
(Engine} {Drains)
Figure 3.6 -Types of Hostile Environment
!

26



N ' -

L 14

o
.
=

¥ g VNN ET Y I3

NTSB reporta with accident dockets contain much valuable data. Unfortunately, due to an executive
order, accidents over five years old, are being deleted from their archives, Further, inveatigators are
leaving government service through retirement, transfer, ete, making it difficult to recover data on
older accidents. The NTSB should declare accidenta having technical value as “classics” and
preserve these dockets indefinitely.

One observation on accident roports is that it is difficult to simply differentiate accident severity
between cases from the text. It is often necessary to delve through the structures and human fac.
tors reports in the docketa to make this distinetion. Use of the severity index developed in the part
of section 4.0 titled, Accident Severity and Survivability, of this report would help to resolve this
difficulty. This index could be extended to cover fire hazard.

With due regard for the availability of data at the scene of the accident, it is felt that participation of
structural subsystems reported may be influenced by the anticipations-of the investigator. For
instance, where fuselage breaks heve occurred it may be usual for ceiling panels, sidewalls and
overhead storage ta be disrupted. Therefore, these items may not be mentioned in the reports.
Sources and sizes of fuel spills could be better reported.

With the advent of better simulation techniques more accurate data on.impact conditions, surface
conditions, slide out distances, hazard definition, etc., will be useful in upgrading crashworthiness
technology. Continued emphasis on the definition of injury mechanisms is needed.

Many foreign accident reports are quite thorough in the coverage of accidents while others simply
report the barest details. More cooperation and assistance through ICAO or directly with the foreign
agencies might upgrade these reports.

Finally, the availability of a team of crashworthy specialists drawn from NASA and the FAA to assist
the investigating authorities may prove useful. The NTSB, FAA, and NASA should consider this
option.

CRASH SCENARIOS

Scenarios to identify a general sequence of crash events or conditions that produce the failure
mechanisms of the aireraft structure and the injury mechanisms for the aireraft occupant have been
developed. Scenarios for the complete aircraft are necessary where there is significant interaction
between constituent elements of the aircraft, where the sequence of damage is important to the
crash response, and to establish initial conditions for the study of isolated componenta.

The underlying philosophy for scenario development was, first, the scenarios must produce the
failure mechanisms of the structure and the injury mechanisms for the occupants. Second, the
scenarios should encompass available accident experience. Third, the scenarios should assist in the
identification of crash technology requirements and allow study of the crash phenomena.

SCENARIO DEVELOPMENT

The initial phuse in the development of crash scenarios consisted of review and study of historical
accident data to identify and define broad categories of occurietice relative to structural break-up
and injury factors. Structural failure mechanisme were identified and are listed in table 3.4. Types of
injuriea were identified and are listed in table 3.6. The data extraction form is given in
appendix B.

After an analyais of the structural and injury mechanisms, three basic scenarios evolved. These are
“Air to Surface”, "Surface to Surface”, and “Flight Into Obateuctions”.
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Table 3.4-Fallure Machanisms

.!_

e Fuselage

Crush (axial & vert)
Bending breaks

Local deformations
Tangential damage

» Gear

Separation
Collapse

e.Haich/door/floor

Distortion
Destruction
Separation

& Belts/harness

* Wing

Broaks
wing box destruction
Distortlon

¢ Engines/pylons

Separation

¢ Seats

Separation
Distortion
Rupture

¢ |ntoriors

Galley/dividers separation - spillage
Comgpariment separation ~ spillage

Rupture .
EieF::tion Panel disiodgement
Table 3.5-Injury Types
¢ Trauma oFire/smoke/noxious gases

Head Fracture, concussion

Neck Fracture

Chest  Crush. rib fracture

Sping  Fracture

Limbs Fracture, amputation

® Drowning

Burns
Vascular damage
Asphyxiation

28

T




b o—
b iy

BASIC SCENARIQ -~ AIR TO SURFACE

This scenario considers those accidenta in which the aircraft impacts a level surface from the air, The
accident iz churacterized by high sink rates. The crash varinbles are shown in table 3.6.

Aircraft configuration may have individual landing gear up or down. Aircraft weight variables are the
fuselage weight distribution and the fuel load_distribution.

Aircraft initial conditions are three components of linear and angular velocity, and three componenta
relating the aircraft orientation relative to the surface. Aerodynamic loads may be significant for those
cases where the forward velocity is greater than Vg (stall).

Surface loads are due to the resistance of the surface. For land, this may vary from soft mud to
runway hardness, while for water, loads are influenced by sea state and are in accordance with the
laws of hydrodynamics, Surface load characteristica may vary as the aireraft progresses through the
accident.

Following initial impact, subsequent hazards may be encountered. For simplification, obstructions
are separated into three types; columns representing tzees, poles, and towers that resist motion in
the x and y direction and are local; the ditch or hump representing vertical terrain changes of the
form Ao (1- cos XL) and may be local or apply io broad sections of the aircraft, and the step
function which forms a vertical boundary represeniing walls, buildings, vehicles, and other
obstructions.

These obstructions may be symmetrically or asymetrically located and may be applied to landing
gear, engines, wings, and fuselage separately or in combination.

BASIC SCENARIO — SURFACE TO SURFACE

This scenario considers those accidents in which the aircraft on the ground encounters
obstructions. The accident is characterized by horizontal motion into the hazard. As such it treats
cases of hitting vehicles, buildings, soft earth, ditches or humps, entering water, and sliding
contact with the surface. Accident variables are similar to those described for the Air to Surface
scenario with values appropriate to the accident conditions.

BASIC SCENARIO — FLIGHT INTO OBSTRUCTION

This scenario considers those accidents in which the aircraft flies into obstructions. The accident is
characterized by high kinetic energy and by the location and direction of the impact loads, Further

these accidents tend to be complex, encountering & sequence of obstructions. .
SCENARIO SUBSETS

The basic scenarios are divided further into subsets. The Air to Surface set has 4 subsets as follows:

§10: no further definition (2)
§11: impact on other than gear (13)
812: impact on gear (31)
S13; impact in water n
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Table 3.6-Crash Variables

AJC conliguration

Individual gear:

Waeight dist..

A/C InHtial conditions:

Asrodynamic loads:

Suriace loads:

Up/down
Fuselage
Fuel

XDOT, YDOT, 2DOT Coord system .
PHI, THETA, PSI alignad with inertial
PHIDOT, THEDOT, PSIDOT { referance frame

Lift distribution

{Earth/water):

Spring rate (may be distributed in space)
Friction coefficient

Slope of surface

Subsequent hazards (not always encountered)

Columns

Ditch or hump

Hazards may be

Ao (1 -cos XL)

F =-20o {4)
Step function 6= 20
6 =

Symmetric or assymmetric

Applied to gear, engine, wing, fuselage
saparately or in combination

30




The Surfoce to Surface sct haa B subsota as followa:

820:  hard ground or on runway (2)

821: soft surface (13)
822:  low ohstruction (36)
823;  high obstruction 9)
S24:  slidefroll into water (2)

The flight into ohstructions set has 4 subseta as follows:

831; wing low (8)
832:  impact column (18)
833: impact solid wall (&)
834:  impact high obstruction 3

The accidenta have been grouped hy basic scenario and by subset in table 3.7. A fourth category
(S4) contains nine accidents. For these accidents there was insufficient information in the files about
the accident for scenario classification or the accident was of a peculiar nature such as the DC-8 in
Shannon or the 707 in London. However, the consequences of these accidents warrant their
retention in the data base,

In some inatances, it was difficult to place an accident in one basic scenario rather than another. This
is due in part to the complexity of some of the cases and in part to the paucity of the available
accident descriptions. Effort should be made to sharpen the distinction between the existing sets
and to clarify the subsets from future accidents. In addition some provision should be made for
inclusion of a fuel spill factor in the subsets.

Finally, classifications have been based on history. Types of new accidents coming into the data
base should have a significantly different distribution from those of the first 20 years. This
distribution might be expected to be strongly affected by improvementsa in accident avoidance
techniques and be reduction of hazards on and around airports. Development of fire suppressing fuel
additives could not only alter the distribution of accidents among scenarios but could change the
significance of structural component participation in accidents. If a less severe impact survivability
criterion were applied to the data base, some subsets might be eliminated and the distribution of
accidents by subset might be modified. Consequently, the scenarios should be reviewed at intervals
to ensure their continuing applicability. Further, the scenarios should reflect current behavior rather
than that drawn from the complete history.

CATEGORIZATION OF CRASH IMPACT CONDITIONS FOR CRASH SCENARIOS

An assessment of the accidents with respect to the initial conditions has been made. It should be
noted that accidents in the data base are potentially impact survivable and that inherent structural
capability of the airframe already provides a high level of safety. Consequently, for many accident
types the areas of interest for impact research lie at the extreme limits of observed conditions or
beyond. For other accidents the severity of the accidents was more a function of hazards
encountered and somewhat independent of the normal initial conditions,

Crashes on approach usually occur because the aircraft is not where the pilot thinks it is. Forward
speed of the aircraft is between the speed for flap deployment (Vy) and stall (Vg). The rate of
descent is between 0 and 2400 ft/min. If defensive action (flare) is taken, say to avoid ground
contact, even a slight climb may be achieved. However, for research purposes, the lower limit of
zero may suffice. The angle of the aircraft relative to the ground is dependent on the slope of the
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Table 3.7-Crash Sceanarios {Concluded)
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ground and the attitude of the aircraft. An aircraft attitudo of -5° was observed in the 727 Cincinnati
accident where a 9° ground slope was encountered. The upper limit is the angle ut stall speed as in
the 737 accident at the Chicago-Midway airport. The aircraft gross weight is, weightat takeoff less
weight of fuel burned.

2or landing accidents, forward speed may be above the preacribed landing speed or at stall speed.
Iustances of highor speeds generally resulted in overruns, Forward speed at onset of averruns is
usually less than the prescribed landing speed due to pilot deceleration measures. Angle of
incidence is botween 2.5° nose down to the nose up atall angle. Rate of descent is between O and

— 2400 ft/min.

The forward speed in taxi accidents is less than 60 kts. Takeoff accidents involve forward speeds of
up to rotation speed (VR) for bath overrun, veer-off of runway, and contact with obstructions on
the runway. Aircraft gross weight ranges up to maximum takeoff grose weight. Aircraft attitude is
essentinlly wings level and zero incidence.

Accidents for initial climb involve loss or reduction in power and/or wing stall, Forward speed range is
from V. to Vy. These accidents may involve impacts where the aircraft is tail-down or wing low, or
large angles of yaw and roll or & combination of the above. Rate of descent might be expected to be
in the range of that for a hard landing, i.e., 0 to 2400 ft/min.

It should be noted that the accident data reports do not contain sufficient identification of conditions
at the onset of the crash to be more precise. Techniques are being developed by NASA Ames that

- could better define these initial conditions where data from the Flight Data Recorder and from the Air
= Traffic Controller radar is used. However, to date no program to establish these values exists.
Further, effects of last second evasive actions by the flight crew and influence of terrain featurea on
- “effective” impact conditions must be included for purposes of simulating the crash. Flight crew
- actions may be obtained from further development of the Ames technology. i
Value limits of initial conditions observed for each subset scenario are shown in table 3.8. These )
- values may be used to give approximate ranges of crash .initial conditions for the scenarios

for research.
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4.0 ROLE OF STRUCTURAL COMPONENTS IN CRASHWORTHINESS

In this section the structural components that significantly participate in or influence the crash
dynamic behavior are studied. Aircraft structural components that participate and their role in
crashes are identified from the accident data_This participation is summarized,

A matrix relating the participation of structural systems to the acenarios defined in section 3 is
presented and assessed. An accident structural damage severity index ia presented. This index is a
function of major component participation. The relationship between the scenario and the
structural damage severity index is assessed.

Interactions of the structural components as observed from the accident data have been identified
and discussed. Problem areas for current structural components are discussed and assessed,
Finally, crashworthiness implications of the application of advanced materials in these structural
components are considered.

PARTICIPATION OF STRUCTURAL COMPONENTS
IDENTIFICATION OF STRUCTURAL COMPONENTS

The accident data base was reviewed to identify structural components that participate in the aircraft
crash dynamic response. Results of this review are shown in table 4.1. This table identifies the
component crash function, crash dynamics, interaction with other components, and results of this
interaction.

The components are the landing gear, pylon/engine, wing box atructure, fuselage, fuel distribution

system, floor structure, seata/restraint systems, cabin interior, and entry and escape doors. The
landing gear includes nose gear, wing mounted main landing gear, and wide-body fuselage
mounted gear. Pylon/engine include wing pod mounted engines and aft body engines. Wing box
structure is concerned basically with fuel tankage and primary load carrying members. Fuselage
includes lower fuselage, (bottom of fuselage to the cabin floor structure) and upper fuselage (floor
structure to crown). Cabin interiors include overhead storage, galleys, closeta, dividers, lavatories,
ceiling panels, sidewalls, ete.

COMPONENT PARTICIPATION

Participation is summarized in table 4.2. The major diagonal gives the total participation of any
component while the off-diagonal values shows coparticipation of other components. In addition to
the components, hull losses and accidents involving fire are included.

From these data, gencral component participation and interaction of components may be obtained.
However, in order to obtain the significunce of the interaction and role of components in craghes a
more detailed assessment is required (see part of section 4.0 titled, Interaction of Structural
Compuonents).

MATRIX CATEGORIZATION

Table 4.3 presenta a matrix relating critical structural components, fatalities, and accident severity to
the crash scenarios. Fatalities are divided into groups by cause: fire related, traume, drowning, and
unknown (UNK), Percentiles relate to the number of occupants participating. The known frequency
of participation of structural components identified is shown for each major scenario and for subsets.
Included in this table are the number of accidents, hull losses, and fires. Finally, the frequency of
occurrence for each accident severity defined in table 4.3 is shown,
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On the baais of percent of fatalities, flight into obetructions (83) is the most letha! seenario, followed
by air to surface (81}, unclassified (S4), and surface to surface (82), This order tendas to agree with
the total energy to be dissipated in the crash, The frequency of fire, while not independent of the
total energy, further increases the lethality of the scenario, In fact, the major factor in fatalities ia fire.

Considering total fatalities, the ranking of the basic scenarios is air to surface (81), flight into
obstructions (83), surface to surface (82), and unclaseified (S4). On the bagis of numbers of
accidents, the ranking becomes surface to surface (S2), air to surface (S1), flight into obstructions
(83), and unclassified (S4).

No single scenario appears to be “the major type for lethality”, rather each must be studied to fully
uaderstand the crash response of aircraft. As starting points, it appears that air to surface-impact
on gear (812), surface to surface—low obstruction (S22), and flight into obstruction—impact
column (S32) are likely candidates.

To obtain improved crashworthiness each structural component must perform its crash function.
For instance, when the strength capability of landing gear is exceeded, the gear should separate
without tearing fuel tanks or damaging fuel or hydraulic lines. Landing gear should perform in
each scenario over the range of accident variables. In like manner each system should be studied.
This should provide an envelope of capabilities for the aircraft.

ACCIDENT SEVERITY AND SURVIVABILITY

Accidents have been assessed on the basis of amount of damage to the aircraft and effect of this
damage on survivability. Accidents in the data base were assessed into six categories of accident
severity shown in table 4.4. In general, the degree of structural damage and the energy to be dis-
sipated increases as the category increases.

Categories 1 through 3 involve accidents in which the occupant protective shell is generally
maintained but fuel spill factor increases with category. At category 4, the fuselage bresk ia
introduced but the fuel system is intact. Three classes of fuselage break are used to distinguish the
severity of the accident. A class 1 break has the fuselage broken with fuselage sections essentially
remaining together. The opening allows fuel/fire entry but is too small for occupant egress. In class 2
breaks, the fuselage separates sufficiently to allow occupant egresa and fuelffire entry, but the
section maintain a proximity to one another. Class 3 breaks have fuselage sections separate and
come to rest at some distance from each other.

Category 4 accidents are severe accidents involving either severe lower fuselage crush or class 1 or
2 breaks, or both. However, in category 4 there are no major fuel spills. Categories § and 6 involve
increasingly severe destruction of the aircraft with serious breaks in fuel tankage.

The 163 accidents in the data base have been grouped by category and are summarized in table 4.5
and figure 4.1. From data in table 4.5 and figure 4.1 some general observations may be made. First,
with regard to overall survivability, fire preeents the greatest hazard. Known fire fatalities outnumber
known trauma fatalities by 2.84 to 1.0, Fire hazard is most severe for accidents having major fuel
epills due to rupturing of fuel tankage (categories 3, 5, and 6).

Trauma fatalities occur mostly in categories 5 and 6 which involve severe fuselage breaks. The
single instance in category 2 resulted from a local loss of survivable volume and five instances in
category 3 resulted from severe lower fuselage crush.

Deep water impact accidents represent less than 10% of the study data base but have a high fatality
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Table 4.4-Categories of Accident Severity

Minor impact damage ~ includes engine/pylon damage or separation, minor lower fuselage damage,
and minor fuel spillage. _

Moderate impact damage - includes higher degrees of damage ot category 1 and includes gear
separation or collapse.

Severe impact damage but no fuselage break - includes major fuel spillage due to wing lower surface
tear and wing box damage.

Severe impact damage - includes severe lower fuselage crush and/or class 1 or class 2 fuselage
breaks, may have gear collapse, but no tank rupture. .

Extreme impact damage - Includes ciass 1 or class 2 fuselage breaks with wing separation or breaks,
may have gear and/or engine separation, and fuel spillage.

Aircrafl destruction - includes class 3 fuselage breaks or destruction with tank rupture, gear and/or
engine separation.

Fuselage breaks: Class 1 - sections break but remain together

Class 2 - sactions brgak and open

Class 3 - seclions break and move off
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rate. Little structural or detailed information is available on several accidents in which a large
percentage of the occupanta porished. Water impact wsually resulta in severe damage to the lower
fusclage, often accompanied by class 2 brouks in the fuselage and separation of wings, engines,
and landing goar. In some cases many occupants drowned after evacunting the sircraft, In some
cancs the high fatality rate was due to inappropriate action of the cabin crews after the nircraft came
to rest.

l.ust, as might have been anticipated, the ovorall survivability generally decrenses as the major
structural damage to the aircraft increases. For categories 5 and 6, known fatalities due to fire and to
trauma appear in almost equal numbers, While these categories also have the largest percentages of
undefined fatalities, it is not expacted that the results would be changed if a full definition of fatalities
were available.

Category 1 accidenta experienced only minor structural damage. There were three hull losses and
53 fatalities due to fire. Two accidents involve fires, caused by separation.of an engine, that
resulted in a catastrophic explosion of the wing tanks. In both instances, fatalities occurred when
tanks exploded while the aircraft were being evacuated. Another accident involved a fire due to
penetration of the wing tank by debris thrown up from landing gear. In this instance the aircraft
was successfully evacuated but was destroyed by fire.

Categary 2 accidents involve only one fatality. In this case the trauma fatality occurred as the aircraft
penetrated the airport terminal. The purser was killed when the hull was ruptured by a building
column. This accident is an anomaly. There are 12 hull losses, 2 of which were due to slowly
spreading fire. Two accidents involved engine separation and fuel line fires while another accident
was a friction fire due to nose gear collapse.

Category 3 accidents involve at least 722 fire rolated fatalities and 6 trauma fatalities. There are
three accidents involving 179 occupants and 130 fatalities that are undefined. The DC-8 Toronto
accident was placed in this category because of the major fuel spill due to tank rupture as the
engine/pylon separated. The 108 fatalities are treated as.fire related because the wing fuel tank
exploded in the air while attempting a go-around. The five trauma fatalities wese in the KI.M Tenerife
accident; and were in the lower fuselage and were ejected. Drownings accounted for 18 fatalities, at
least 16 of which occurred after evacuation,

Category 4 involves 225 fatalities of which 56 are from fires not dus to tank rupture, 166 due to
drowning, and & to trauma. One of these was the 727 Salt Lake City accident in which fire resulted
from a hard landing that caused a ruptured fuel line.

In most accidenta involving drowning, few details are available except for the DC-9 St. Croix
accident. In this case the drownings are thought to occur after evacuation and trauma fatalitics were
“due to scat soparation due to floor distortion and to occupants who did not use the seat belts,

Category 5 involves 934 fatalities of which 46% are of undeterniined causes. Of the known causes of
fatality, 335 are related to fire and 210 are related to trauma. The 747 Pan Am Tencrife accident
accounts for 36% of the fatalities, with 144 deaths of undetormined cause. In this accident trauma
fatalities were due to the destruction of the upper aft fuselage by the KLM 747 and the cntry of the
K1M engine pod into that section of the aircraft. Further, burning fuel from the Pan Am ruptured wing
was sprayed into the area trapping most of those not killed by trauma. The four known trauma
fatalities in the 727 Cincinnati accident were due to complete destruction of the cockpit area, The
10 trauma fatalities in the DC-8 Portland accident were due to intrusion of a large tree into the
forward fusclage.
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Category 6 invelves 1647 fatalitioa of which 58% were of undetermined causea, Of the known causes
of fatality, 189 nre related to fire and 190 are related to trauma. In four accidents, only the fate of the
flight deck crew is defined nlthough there are indications of causo with terms as “many” or “most”.
The enormity of many accidents and shortage of pathological skills preclude accurate postmortom
determination of cause.

RELATIONSHIP BETWEEN SCENARIO AND ACCIDEN?' SEVERITY CATEGORIES

Combining the atructural damage severity category with the scenarios shows scenmio development
should include accidents having severity categorics of 3 through 5. Category 6 accidents represent
consumption of all the aireraft's protective structure. However, provisions made for less severe
accidents would tend to improve the crashworthiness in some areas even in category 6 accidents.

Consequently, research efforts should be directed towards better defining the crash scenarios to
represent this severity range. The improved definition includes initial conditions, aircraft motions,
hazards encountered, and crash response of the systems. Methods of simulation should be
developec *hat permit study of the parameters that affect the crash-response so that these might be
subjected to a more thorough engineering treatment.

INTERACTION OF STRUCTURAL COMPONENTS AND.AIRCRAET.SYSTEMS

Most substantial damage or hull loss accidents that are impact survivable will involve damage,
destruction, or loss of one or more atructural components and aircraft systems. During the
sequence of events as the destruction occurs and the aircraft come to a stop, the lives of persons
onboard are being jeopardized. In the 153 nccidents reviewed in this study, it was determined that
the most critical event in the sequence that caused most fatalities was the releasing and ignition of
fuel which then developed into severe fires. For thuse persons not injured by impact, the
probability of survival was determined by time (measured in minutes and seconds) and by the
impediments in the escape route. In order to define approaches to improve the crashworthiness of
transport aircraft it is necessary that the involvement of the structural componenta, systems, and
subsystems be determined and the sequerce of events and interaction of their involvement in a
variety of accidents be well understood.

Discussion of the major hazards, the dominant structural components, and the interaction as relating
to survivability is provided in the following sections.

WING BOX — INTEGRAL FUEL SYSTEM

Severe fuel fires, that are the primary cause of most fatalities, result from unwanted release or
spillage of tank fuel. In this study it was found that 107 accidents involved tank fuel spillage and 85
of these had fires of varying severity. Spillage directly from the integral tank usually occurs from six
types of events; wing box fracture or break, lower wing ekin tear or rupture, penetration of the tank
by an object, tearing open the wing box during separation of main landing gear or engine pylon, fuel
tank ullage explosion, and flow from wing tip venis. In a given accident two or more of these types of
spillage sometimes occurs, These types are shown in figure 4.2.

Fuel spillage due to wing break occurrences have been a sessed with regard to incidence of fire and
fire related fatalities. The area of the spill hae been aosessed where “large” is 30 meters or larger in
diameter, "medium® is 10 to 30 meters in dianieter, and "small” ie under 10 meters. Fire intensity
has been assessed with respect to consequences of fire as large, medium, or small. Interaction of
fire with fuselage in “erms of fuselage entry and of effect on evacuation also have been assessed,
Fire ent:y to the fusclage has been gaged as entry through breaks or as burn-through. In addition,
the effect of fire on the posterash evacuation has been assessed. Here, large effects implies some
fire related fatalities, while small implies some hindrance.




49

aimdny yuey jo sadlj-zp ainbiy

{5) umouxun =
JIjeM i
(e) dseq
MOl
(2) Bum I
speoy |
(g) ewsuy
“Rnasqo n_ (1) apewuep - '
(01) ‘ueA
besp (a1qeqosd 2) () o |
{81) punoigy (umoux Z) uoIAd 26007
sajod | (srqeqo:d o1L) () SueP
(12) /seasL (uMouN §) B89 8 oubuz
(atqegaid g} | uoisordxa (orqeqoid 61)| .t (oiqeaoid )| weesq | (arqeqond seot
ed aoeuns FAY)
(umowt trt ) NUBL | xee {umouy g) anu._ {umoux £9) Buim (umouy z) Hﬁm (€)juonensuad
| ] 1 1 | I |

(saxysg) | @smdmu
(zo1) jueyl




50

Regarding the interaction of landing gear and pylon in wing break, the assesement relates to
maintenance of the wing ground clearance and to transmission of loads to the wing structure (only
for wing pod mounted engines).

WING BOX BREAK/FRACTURE

In 67 accidents, fuel spillage occurred when the wing box fractured due to excessive forces or
loads. There are also nine other accidents in which it is believed that wing fracture occurred but
insufficient detail is available to define other factors,

Most fractures occur due to high vertical loads or due to impact with large objects such as trees,
buildings, or embankments, In some cases the landing gear and engines may also collapse or
separate at the time wing fracture occurs, however the gear and engine generally have little
influence on the severity of the accident except possaibly by providing an ignition source for the
spilled tank fuel,

Some wing fractures occur early in the accident sequence and the fuselage continues to slide or—
move, possibly away from the initial large fuel spill location. Fue} is usually scattered over a large
area. In other cases the wing fracture occurs at about the time and point where the aircraft comes to
rest and the fuel spil! is adjacent, under, or around the fuselage. If fuel ignition occurs, an almost
instantaneous severe fuel fire develops; this constitutes the “most hazardous scenario.” Damage to
other structural components can influence passengerfcrew survivability in this situation. Fuselage
breaks and fuselage lower surface ruptures can provide immediate access for flame and smoke to
the passenger compartment. Damage to the cabin interior such as collapsed overhead storage,
galley debris, ruptured floor, and jammed/blocked exits can impede evacuation, The intersctions of
these structural components and the impact that each has on survivability in the wing break/severe
fire occurrence, is different for each occurrence, no two are the same. From this study it is
concluded that research should be accomplished in the area of wing box and integral tank design
philosophy and in the development of wing structure that will minimize wing tank fracture when wing
box breakage or separation oceurs.

Results of these assessments are shown in figure 4.3. Some general observations may be made.
First, wing breaks result in a high percentage of fires (deep water impact being an understandable
exception). Second, wing break accidents have a high fire related lethality. Third, if fire is present it is
highly probable that fire will enter the fuselage either through a fuselage opening such as a door,
break, or by a.burn-through. Fourth, the precence of fire has a serious effect on the postcrash
evacuation. Breaks due to impact in deep water have not experienced fires although hazard of fire is
present. Breaks due to dragging the wing across-the ground appear to result in a lower percentage
of fatal accidents than other types of breaks.

Wing breaks due to impacting trees/poles and like obstructions are particularly severe types of
breaks with regard to size of the spill and resulting fire and incilence of fire related fatalities, For
21 accidents, large spills occusred in at least 16 with fires occurring in at lcast 15, Fire related
fatalities did not occur in only seven accidenta. It may also be seen that fire entry through fuselage
breaks occurred in almost 60% of the accidents while entry by burn-through occurred in about
10% of the accidents, Fire was a factor in evacuation in about 30% of the accidents. For this type
of break, interaction with landing gear and with engine/pylon separation appears quite small as
might be expected,

Similar assessments may be made for other causes of wing break with similar results. An exception
i the effect of gear separation and engine/pylon separation for the ground drag break. Here the
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Figure 4.3 -~ Wing Break Assessmaent (Conlinued)
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Figure 4.3-Wing Break Assessment {Concluded)
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erash role of gear and wing/pylon mounted engines in maintaining ground clearance of the wing does
appear to be a significant factor. If a gear more tolerant to separation or collapse were available,
some improvement in crashworthiness might be achieved.

WING LOWER SURFACE TEAR/RUPTURE

In this study, tear or rupture of the wing lowor surface is known to have occurred in sight accidents
and probably occurred in 19 others. These generally occur when the wing is subjected to
scrubbing/sliding on the runway, on rough terrains, or over various objects. Records indicate that 13
involved contact with rough terrain, 7 involved sliding over fences and walls, 4 involved aliding on
level ground, 1 involved settling on a separated engine, and 1 involved impact with another aircraft.
In 26 of these aceidents the aircraft was destroyed and 40% had fire related fatalities.

The hazard evolving from these wing tank tear/ruptures is related to the size of the tank opening, the
rate at which fuel is released, the temperature, and if the fuel was ignited. Many of these
occurrences involve severe fires, however-they tend to be localized in the wing area and thereby
make it possible for persons onboard to evacuate from both ends of the fuselage away from the fire,
The interactions and impact that other structural componerta have on these wing lower surface tears
is the same as with wing break occurrences, An increase in the hazard occurs with time (possibly 30
seconds to 6 minutes); fire impacting on the wing often causes tank explosions that spread the fuel
further and intensify the fire. Research should be directed in the area of containing the fuel within the
tank or at least restricting the flow of fuel through the rupture or hole in the wing skin,

Assessment of these accidents is shown in figure 4.4. As may be seen, lower surface tear results in
large fuel spillage with the fire being severe. In about 60% of the spills, fire enters the fuselage by
burning through the skin, while fire entry through fuselage breaks occurs in 15% and by other
routes in about 10%. Eire-has affected evacuation in 40% of the cases.

With regard to the interaction of landing gear collapse or separation, gear has been a major factor in
50% of the spills and had a lesser effect in about 30% of the spills. Wing mounted engine/pylon

separation or collapse during lower surface tear failed to maintain ground clearance in 95% of the
cases.

Wing Box Tear

Tearing away sections or parts of the wing box fuel tank and subsequently releasing large quantities
of fuel during separations of main landing gear or of engine pylon is an infrequent occurrence, being
reported in seven accidents, However, when it does happen, a severe fuel fire generally occurs,
Design philosophy for main landing gear and engine pylon attachment to the wing box should be
reviewed to ensure these units are fused for a clean overload separation that does not fracture the
integral fuel tank. Assessment of wing box tear is shown in figure 4.5.

Tank Ullage Explosions

Wing box fuel tank ullage explosions have been reported in 17 accidents and probably occurred in 6
others. In most of these, a severe fire already existed and generally the size or intensity of the fire
increased. In most cases it is not known how many, if any, additional fatalities resulted from the tank
explosion but it appears from available data that evacuation was usually affected. The initial fire in
three accidents occurred at the engine pylon wing interface after engine separation, two of these
explosions occurring in flight. Research should be directed towards development of devices,
systems or procedures that will eliminate or reduce the probability of ullage explosions, However,
reliability of the fuel delivery syatem must not be compromised or reduced to achieve the elimination
of ullage explosions. Assesament of tank ullage explosions is shown in figure 4.6,
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Wing Tank Venta

The wing tank vent system has been involved in one severe fire accident. In this case, a 707 in
Rome, an engine fire spread to fual dripping from the adjacent wing tank vent at the wing tip,
progressed through the vent system and caused a tank ullage explosion. Any studies involving fuel
tank design should include the tank vent system and flame suppression,

Tank Puncture

There are three accidents in which tanks have been punctured by foreign objects. Two of these
accidents occurred during aircraft operation and resulted in fires that deatroyed the aircraft but for
which there were no fatalities. One of these involved puncture by debris from a disintegrating engine
and the other involved parts from a disintegrating wheel. The third incident occurred after the
accident when the tank was punctured during rescue operations but there was no fire.

Leakage -

There are four accidents in which fuel spillage resulted from leaking tanks. Only one accident
experienced fire which destroyed the aircraft, but there were no fatalities. While fire_hazard is
present these accidents have not been lethal.

Body Lines

Rupture of body fuel lines is a hazard associated with aircraft configurations having aft mounted
engines or auxiliary power unit. If fuel tank shut-off valves are activated immediately after a crash, the
amount of fuel spilled due to body line rupture is only a minor contributor to the accident Reverity.
However, when the lines are not shut off, the resulting fire has been catastrophic.

The “classic” case of this was the 727 Salt Lake City accident on November 11, 1965, in which a
separated landing gear penetrated the lower fuselage and ruptured a body fuel line. Forty-three
occupants died from fire related causes. As a result of this accident, body lines were strengthened
and rerouted to avoid this type of rupture. The only other instance in which body lines are thought to
be a major contributor to the severity of an accident is the DC-9 O'Hare on December 20, 1972,
where the aft fuselage of a DC-9 struck the vertical tail of an 880 during take-off and probably
ruptured a body fuel line. Ten persons perished from fire related causes in this accident,

Assessment of body fuel line rupture is given in figure 4.7. As may be seen, there are 10 accidents
with 4 probable instances of rupture. Fire was present in each instance with fire related fatalities in
nine accidents. Fuel line rupture fires are deemed to have been a factor in evacuation in possibly six
of the cases. Fusclage breaks were present in eight of the cases with_fire entering the fuselage
tkrough the breaks in six cases. Fire came through the floor in three cases with one uncertain.

SEATS

Seats interface with the occupant and with the st-ucture to which they are attached. In assessing
these interactions, the relation of the seats and the structure is treated first, end the relation of the
seat to occupant is treated second.

Three basic types of seats are of concern: crew seats, flight attendant jump seats, and the
passenger double and triple hanch seats. Crew seats are single seats that are mechanically
adjustable to facilitate operati~..- of the aircraft and attach to the cockpit floor structure, A
combination shoulder and lup helt restrain the occupant. Flight attendants’ jump seata may be
single or double units attached 1o a bulkhead and mechanically folded or retracted when not in use.
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These seats support vertical londs, with the restraint harness tranamitting side and longitudinal
loads to the structure. Passenger seats are attached to floor tracks and in some designs to the
fuselage sides. Floor tracks are attached to the floor structure or to pallets attached to the floor
structure. The passenger is restrained by means of a lap belt,

For the interaction of seats with structure, no distinction is made for types of scats, but two
intoractions are of coneern with the structure — the effect of a fuselage break and the distortion of
the floor, In a fuselage break, seata may be ejected through the break, or may simply separate from
u broken floor track. In floor distortion, seats may separate from the track, or may be elevated.

The potentially most lethal of these interactions is ejection through the fuselage break. Survival of
the occupant is a matter of chance, depending on many factors such as velocity of ejection, nature
of impact area, and the orientation of the occupant at impact. Further, the ¢jected occupant may
be in an area that is exposed to fire or is ovorrun by the advancing aircraft.

Seats located in the vicinity of a fuselage break may be subject to high acceleration pulses due to
the redistribution of the stored etrain energy as the structure breaks. This frequently results in the
separation of the seats due to rupture of seat tracks, seat track attachments or seat structure.
Separated seats may then shift position and cause injury or hinder the egress of the eccupant.

Seat dislocation from floor distortion may be due to separation or to elevation of the seat.
Separation may force the occupant to contact interior objects and may hinder egress. Floor
elevation may block egress routes such as over-wing escape hatches, may hinder the occupant in
exiting from the seat, or may force contact with the cabin interior. For crashworthiness, it is
desirable to keep seats attached, in place, and to maintain a survivable volume for the occupant,.

There are 48 accidents with identified interactions and another 21 accidents to which probable
interactions were assigned, Assessment of these accidents is shown in figure 4.8. Fuselage break
has resulted in 15 certain accidents with one or more occupant ejected through the break, and
probably at least two more. Separation of some seats at the break with the seats remaining in the
aircraft has occurred in 30 accidents with probable occutrence in at least 13 other cases, Seat
separation due to floor or fuselage side distortion has occurred in 19 accidents with probably 5 other
cases. Elevation of the seat without separation has occurred in 14 accidents with probably 4 other
accidents.

The discussion of seat/restraint performance in survivable crashes is presented in two parts. The
first part includes those accidents in which injuries that might be related to seat strength
performance and in which seat/resteaint performance are cited by the accident investigation team.
The second part includes serious accidents in which the seat/restraint performance was not cited
and in which no injuries that might be related to seat strength occurred.

Only 31 such accidents could be found in which seat performance was mentioned in NTSB reports.
A detailed review of these accidents indicates seats certified to current FAR seat sirength criteria
provide protection to the oecupant commensurate with the crash loads. The aircraft strength and
occupant injury tolerance capability appear to be in proper balance.

A separate independent study of this matter conducted withi'y the FAA is contained in reference 1.

The current study drew upon NTSB accident reporta and apecial studies, NI'SB Human Factors
Factual Heports, NTSB Public Hearing Dockets, and the manufacturers accident files for each
accident. The separnte FAA study also treats NTSB data, and includes FAA Civil Air Medical Institute
(CAMI) data but does not include the manufacturers fites.
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For engincering purposes it is necessary to relate seat performance and injury. To do this it was
necesaary to review the Human Factors Factual Reporta and, in some instances, survivor testimony.
The NTSB statistical category, “Serious Injury” (see app. A), used in NTSB Accident Reports does
not necessarily identify actual physical injury nor relate injury mechanism to injury. Accident victims
who are hospitalized for 48 hours for medical observation, legal considerations, or other reasons are
listed as serious injuries even if there ia no treatment. An iramediate improvement in crashworthiness
statistica could be obtained simply by using a more accurate definition of serious injury. To rely on
these injury atatistics may lead to exaggerated conditions and produce erroneous conclusions.

Reference 1 identifies 27 ground impact accidents including 7 propeller-driven aircraft and 20 jet
transport aircraft. A comparison of those study accidents with this study shows that 18 of 20 jet
transport accidents are included in the present study. The two accidents omitted are the DC-8 JFK
accident on September 15, 1970, in which the seats performed adequately and no occupant was
actually seriously injured, and the 707 Pago Pago accident on January 30, 1974 in which no seat
performance was cited. The additional accidents in the present study include accidents prior to
1970, two Canadian accidents, and the 747 Japan Airlines accident in Anchorage on December 16,
1975.

In these accident reviews, investigators did not identify a single trauma fatality caused by lack of
seat strength or seat attachment structure strength. It is recognized that such identification is
diffieult because of incomplete knowledge of local crash dynamics, fatal injury mechanisms, and
survivor testimony as to his experience. Also, postcrash fire frequently consumes necessary
evidence. There are limited, though subjective, indications where an increase in attachment
strength may have provided some benefit. For instance, one passenger in the 727 St. Thomas
accident was ejected in his seat through a fuselage break and died of trauma injuries. This seat was
located in the aircraft in the region of fuselage destruction and there is no assurance that any
increase in seat strength requirements would have provided any benefit.

While it can be observed that injuries were sustained in deforming the seats, no sequenice of events
has been identified where increased seat atrength would have reduced occupant injury.
Consequently, the cases presented in table 4.6 involve serious injury and/or seat/restraint system
crash performance for accident survivors. Twenty-six accidents involve a hull loss, 19 involve fire,
22 involve at least one fuselage break, 14 involve severe floor distortion, and 4 involve water impact.
Thirteen accidents are only partially impact survivable since survivable volume for at least one
occupant was lost. For seat/restraint system strength performance, injuries to the head, spine,
chest, and pelvis are of concern, although injuries of these types may arise from a variety of other
causes, These are shown for the flight deck crew and passengers, while spine and pelvis injuries are
shown for flight attendants.

Table 4.6 also shows seat performance for seat-to-floor attachments, seat legs, seat pan, and
restraints for flight deck crew and passenger seata. The number for attachmenta and seat legs are
for seat units. Flight attendants’ jump seat structures, mechanisms, and harnesses are also
identified.

Some general observations may be made in reviewing these accidents. First, there is evidence of
apinal injury for flight deck crew, flight attendants, and passengers where no seat crash performance
was cited by the NTSB. In addition, there were spinal injuries to occupanta where seat crash
peformance was cited. If the injury tolerance of these people is exceeded by the crash forces
tranamitted by seats designed to current strength requirements, increasing the seat strength criteria
would do nothing to improve their protection, Second there are instances where seat performance
was cited in which no serious injury was incurred suggesting that increasing seat strength might
transmit sufficient load to produce serious injury, a negative benefit.
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Seat detachment (separation) is generally associated with loss of structural integrity due to
destruction of the fuselage shell, fuselage breaks, and to extreme distortion of the structure.
Detachment may occur if all the seat legs or attachment fittings rupture or if the seat tracks rupture.
This indicates that a more compliant seat/floor substructure to accommodate distortion might be
more beneficial than an increase in seat strength criteria.

For commercial jet transport aircraft, there is little evidence of seat separation with subsequent
“stacking” in the forward section of the aircraft. Two exceptione to thia are the DC-8 St Croix
accident where three double seats stacked due to the impact of some passengers who did not use
their lap belts; and the 737 Midway accident where two triple seata (rows 14 and 156 A, B, and C)
stacked due to severe structural damage to fuselage in that area. The more severe injuries occur in
the vicinity of fuselage breaks and areas of extreme fuselage distortion. This might be expected
since these are locations of very high loadings and areas where structure has lost its ability to protect
the occupants,

Passenger Seats

In those accidents involving high longitudinal loading such as the 727 Cincinnati, 737 Midway,
L-1011.Miami, DC-9 Boston, DC-9 Charlotte, 727 JFK, 727 St. Thomas, DC-9 New Hope, 737
Cranbrook, and the DC-8 in Portland, extreme destruction of the fuselage was experienced.
Passenger seat separation was observed in the areas of destruction. An increase in seat strength
criteria would not have reduced the injuries in these accidents.

Examination of those accidents involving extreme vertical impact velocities such as the DC-9 St.
Croix, DC-8 JFK, DC-9 Akron, 727 Denver, DC-9 Philadelphia, and the DC-9 Toronto accidents
indicates an increased number of spinal fractures as compared to the total data set. In the Toronto
accident, the aircraft went over a 51-ft cliff at 46 KIAS, equivalent to falling from the top of a five-
story building, having a resultant deceleration of 25 g, At Akron, the aircraft flew over a 38-ft,
embankment at 86 mph impacting on a roadway. The Philadelphia, Denver, JFK, and St. Croix
accidents had hard impacts combined with high forward speeds.

These accidents indicate that the current passenger seat vertical strength criteria are closely
matched to the threshold of injury for the passenger population. Further seat deformations observed
in some of these extreme accidents used much of the available stroke indicating that the limit of
energy absorption within the injury load threshold is being approached. However, further research
on the energy absorption aspect of crashworthy seats should be done.

The DC-8 Anchorage accident was an overrun during an aborted takeoff in which the aircraft
encountered & deep ditch and hit a building and an antenna tower. The aircraft lost engines, landing
gear, wings were separated and broken and the fuselage broke open. Many of the occupants left
their seats and were standing in the aiales before the aircraft came to rest. Twenty-one spinal injuries
occurred. One flight attendant and approximately five passengers are known to have sustained
apinal injuries due to impact loadings. These five passengers were in seats that ejected from the
aircraft when the fuselage broke. The remainder also may have occurred during impact or during
evacuation, but there is no implication that increased seat strength would have provided more
protection,

It may be scen that only four accidents are of concern in accident performance of the flight deck
seats. In the DC-B Portland accident, the right side of the cockpit experienced loss of aurvivable
volume due to impacting a large diameter tree (of the cockpit occupants, only the Captain survived).
The First and Second Officer's reata separated while the Captain’s seat was attached but was loose
and had some seat pan deformation,
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In the DC-9 Philadelphia accident where the aireraft experienced a 10 g vertical deceleration, the
Captain and First Officer seata experienced seat pan deformation. In applying loads to deform these
seat pans both occupants experienced apinal injury.

In the 707 Kansas City accident one flight deck seat experienced seat leg deformation and the
officer received a spinal injury. However, in this instance, it wes noted that the harnesses were not
used by the the occupants.

There are six other accidents in which spinal injuriee occurred to flight deck crew but for which there
was no seat performance cited. From thie it may be concluded that seata are already stronger than
pilots; and that further increasing the strength criteria for these seats would provide no benefit and
might cause more severe injuries. It appears that some increase in energy absorption and load
limiting might prove beneficial.

There are eight accidents in which flight attendants suffered spinal injuries while seated. In the DC8
Anchorage accident, one injury occurred when the seat retracted. from under the attendant during
upward acceleration causing the attendant to fall to the floor. The remaining injuries occurred with
the flight attendants in the seat. Two flight attendants had spinal and pelvic injuries in the high
longitudinal deceleration 727 JFK accident on June 24, 1975, even though there was no damage to
the seat/restraint system. Most of these citations involve instances of seat collapse or partial
collapse due to rupture of a hinge, seat attachment fitting, or of the supporting mechanism. The
injuries sustained did not cause loss of mobility in most cases.

There are instances where seat deformation contributed to harness problems, in that the flight
attendant submarined after the seat pan deformed. The 727 Denver accident on August 1, 1975 is
a case in point. The flight attendant suffered a back injury in this process. Also “some” spinal and
pelvic injuries were experienced in the L-1011 Miami accident. Most of the remainder of spinal
injuries occurred in hard vertical impact accidents with seat pan or mechanism citations. Also there
are instances of seat deformation in which there were no injuries.

A review of accidents involving flight attendant seats indicates that increasing seat strength
would not reduce the number of serious injuries. However, every effort should be made to include
the results of TARC Project 216-10 study into flight attendant restraint design. Various
government agencies such as the Army, Air Force, and the Department of Transportation have

identified some levels of injury tolerance. See part of section 6.0 titled, Human Impact Tolerance
for a more detailed discussion.

LANDING GEAR

There are 96 accidents in which one or more of the landing gear separated or collapsed. in addition
there are 16 accidents in which the gear was stowed or retracted. The effect of gear separation or
collapse will be considered, followed by the effect of gear in stowed positions. Some comparison of
the two effects will be made.

Referring to table 4.2, the total occurrencea show that for 95 cases of gear involvement (1 accident
involves debris from the gear damaging the aircraft) there were 80 hull Josses, 64 fires, 71 tank
ruptures, 46 wing mounted engines/pods scparated (11 cases of engine separation involve aft
mounted engines), 62 fuselage breaks or crush, 38 door hatch involvements, 33 floor distortions,
33 casea of debris, and 26 seat citations.

In order to assess the role of landing gear and the interaction with other structural systems the
accidenta were reviewed. Direct effects of gear separation are: separation of wing pod mounted
engines; rupture of fuel tanks by failing to maintain ground clearance and hy the separating gear
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tearing a wing box; and damage to the lower fuselage by crushing, friction, and by breaks.
Secondary effecta are fire due to fuel spillage from ruptured fuel lines and tanka and to friction, floor
distortions, door/hatch problems, seat separation, and debris due to the distortion and breakes of the
fuselage as n result of ground contact.

Figure 4.9 shows the asscsament of gear separation. In 67% of the accidenta all gear separated or
collapsed, while in 22% only main gear separated or collapsed, and in 3% only nose gear separated or
coliapsed and in 2% nose gear and one main gear separated or collapsed,

Gear separation or collapse was involved in tank rupture in 17 cases of lower surface tear, 12 cases
of wing drag breaks, 14 cases of wing box tear, and 4 cases of tank leakage. This fuel spillage
resulted in 42 fires. Thus gear separation or collapse is a factor in 64% of the fires that occurred when
gear participated in the accident. Using small, medium, and large as the degree of involvement, the
gear was a large factor in 26 of the 42 fires, a medium factor in 4 of the fires, and a small factor in
12. With respect to fatalities, there were 28 accidenta with fire related fatalities and 24 accidents
with trauma deaths.

Lower fuselage crush occurred in 53 accidents with gear separation being a large factor in 37
cases. Lower fuselage crush has a secondary effect on doorfhatch jamming, on separation of seats,
and on cabin interior debris. Gear separation was a large factor in 9 cases of fuselage break.

For 15 accidents in which the gear was known to be retracting or in stowed position, there are only 5
cases where having gear extended may have prevented the crash. These cases mostly involve
extensive slide-out, but occurred during aborted takeoffs or flight activities for which the gear is
normally retracted.

From the above discussion it may be concluded that development of gear more tolerant to conditions
that cause separation would result in some increase in crashworthiness. Further, when separation
does occur, the wing box should not tear open.

CABIN INTERIORS

Cabin interiors are cited in approximately one-third of the accidents in the data base. Cabin interior
equipment includes overhead storage compartments, ceiling panels and lights, sidewalls, class
partitions, galleys, and closeta. Comparing cabin interior citations with the accident severity category
{see table 4.4) some peculiarities may be observed. For instance, it might be expected that
accidents in categories 3 to 6 would have a higher percentage of citations than is actually reported,
This is particularly applicable to accident categories 5 and 6.

The disparity might be attributed to the expectations of the investigator. If the damage is such that
overhead compartments, ceiling panels, ete. might be expected to separate and clutter the scene,
the occurrence may not be reported. Further, if the devastation is such that participation of the cabin
interiors as compared to other factors might be considered secondary in survivability of the
occupant, the participation may be unreported. While the absolute level of participation may equal
that of & lces severe accident, the relative contribution may be significantly less. Finally, post-impact
fire may destroy visual evidence and survivors may not report conditions,

Consequently, the 46 accidents where citations have been made should serve as an indication of
possaible crash behavior of interior equipment. The 23 accidents where probable participation has
been assessed may not include all incidents. In some accidents where at least one part of the
interior participated, other parts have been deemed probable.
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Overhead storage compartments have been assessed with rogerd to separation, contenta spillage,
evacuation blockage, and injury to occupants. Ceiling panels, sidewall liners, and class partitions
have been assessed for separation. This soparation usually has some effect on egress. Galleys have
been assessed for contenta spillage as well as egresa blockage. These unita are of particular concern
sinco they affect availability of the service doors as an egress route, These asscssments are shown

. in figure 4.10. Cabin interiors have been a major factor in evacuation in 12 known accidents and
probably in 14 accidents. Overhead storage has caused injuries in five. known accidents and
probably caused injury in three additional accidents.

Figure 4.11 shows interaction between other structural systems and the cabin interior system.
Crush of the lower fuselage is deemed to have occurred in 52 of the 68 accidents. Fuselage breaks
are deemed to have occurred in 32 of the 68 accidents, Landing gear separation or collapse
occurred in 48 accidents and the gear was retracted in 6 other cases, Floor distortion is deemed to
have occurred in 26 accidents. All of these interactions participate in severely loading the
structural supports for the cabin interior equipment. Fire was present in 41 of the accidents.

PP

FUSELAGE BRFAK ACCIDENTS (Excluding Fuselage Lower Surface Rupture) 3

Of the 153 impact survivable accidents used in this Survivability Study, 64 are known to have -
experienced one or more breaks in the fuselage and 7 others probably also had breaks. Forty-six.of
the 64 were fatal accidents, Available data indicates that 39.5% of the persons onboard in the 64
accidents were fatalities. The other 82 accidents in this study did not experience fuselage breaks
and 27 of these were fatal accidents of the persons onboard.in the 82 accidents, 20.6% were
fatalities. These data are plotted as follows:

- Y
# Fatalities
Percent of total onboard
0 10 20 30 40 50 80
1 i 1 1 1 1
Fuselage break
accidents
i Total 64 |
Fatal 46 |
No fuselage break
accidents
Total 82 ]
Fatal 27 |

Of the 64 accidents experiencing fuselage breaks, 6 involved the aircraft touching down in deep
water and 58 involved the aircraft touching down (impacting) on ground or in swampy areas with
shallow water. Data on these accidents are plotted as follows:

9
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Fatallties
Percoant of total onboard

0 10 20 a0 40 50 60
1 d 1 1 [ L
Accidents in
deep water
Total 06 |
Fatal 06 ]
Accidents on
ground
Total 58 !
Fatal 39 |
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Deep Water Entry Accidents

Six water entry accidents in which the fuselage broke into several pieces had fatalities (36.8% of
those persons onboard were fatalities). In five of these accidents one section of the fuselage sank
rapidly — some of the passengers and crew probably were ejected or fell into the sea without benefit
of survival gear and others were trapped inside. The other sections floated briefly, allowing
evacuations into rafts or floating slides. In other accidents the fuselage sections floated briefly,
however 84% of those onboard drowned. Survivor reports indicated that in at least two accidents,
interior and carry-on debris blocked evacuation routes and in two other accidents some exit doors

were jammed. In another, the passenger compartment floor was displaced upward restricting
evacuation.

There were also four accidents involving deep water entry in which the fuselage did not break, and
25.9% of those onboard were fatalities, most believed due to drowning.

However, in these accidents the aircraft floated at least 5 minutes and in most cases 10 to 20

minutes, thus allowing adequate time to eacape. In three of the four accidents it was established that
the onboard rafts and float slides were not used,

It can therefore be concluded that in deep water entry accidents in which the fuselage does not
break, the survivor-rate should be very high with proper crew responsefactions using available
equipment. Designing the fuselage to resist breaks or separations is desirable.

Ground Slide Accidents

Fiftyeight ground slide accidents experienced fuselage breaks due to main landing gear
separation/collapaee, excessively hard touchdown or hard flat/impact after takeoff, touchdown in
areas of trees/building/objects or on rocky/rough terrain, or combinations of these conditions.

Gear Separations ~ 8.6%— In 5 accidents, landing gear collapse or separation is believed to have
contributed to the fuselage breaking; that is, if gear had not failed the fusclage may not have broken.

= dkent




These are generally casea of the aircraft veering off the runway onto reasonably amooth terrain or
touching down on smooth terrain and then having one or both main landing gear separate due to
impect with a slightly raised road or small ditch. These five accidents resulted in a clean break in the
fuselage, wide enough for a person to be ejected, fall out, or atep out. Approximately 11% of those
onboard in the five accidents were fatalities. Fatalitiea occurred in three of these accidents and in
each casc a severe fuel fire developed. The other two had no fatalities and no fire,

Hard Touchdown -~ 8.6%— In five accidents, the aircraft experienced a hard touchdown in a
landing attitude or stalled after takeoff resulting in level attitude impact with sufficient vertical
load to cause the fuselage to break. Two of these accidents resulted in slight breaks/fractures that
would not result in ejection of persons or provide a means.of exit/evacuation; thers were no
fatalities and no severe fuel fire, The other three accidents resulted in fuselage breaks that were
wide enough to allow ejection of persons or provide a means of crawling/stepping out during
evacuation, Of the 45 persons onboard in three accidents 64% were fatalities; all three experienced
gevere fuel fires. There is a high probability of flame and smoke entering open ends of the fuselage
sections,

Aircraft forward speed was believed to be reasonably low in three of the accidents since the aircraft
were in a atalled condition at impact. In the other two accidents the aireraft touched down slightly
short of the runway at a high rate of descent, with forward speed probably 10 to 16 knots less than
planned.

Rough Ground — 8.2% — In 48 accidents, the aircraft experienced fuselage breaks after touching
down.on terrain where impact occurred with trees, poles, gulleys, ditches, embankments, raised
roads, etc. or where impact occurred with one winglow ona reasonably smooth surface (on airport,
marsh, dry lakebed, etc).

Data on these accidents are tabulated in the followi-a chart.

C——1 Onboard fatalities
M SovereFuel Fire

Percent of total
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25 50 75
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Slight break |
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The accidenta are divided into three gronps which are discusaed as follows:

1. Twelve nceidents involved a slight break(s) or fracture in which fuselage sections did not
separute far enough for a person to be ejected or for a person to crawl or step out during
evacuation (clasa 1), These accidenta generally occur on or near the airport and as a result of
landing overruns, takeoff abort, or veering off tho runway, Impact which caused the tuselage
break usually occurred after considerable brake action plus decolorations off tho runway.
Only two of the accidents (16.6%) involved a sovere fuel fire, and only 6.3% of the persons
onbonrd in these 12 accidents were fatalities,

2.  Twenty accidents involved a clean, wide break in which the fuselage scction remained
hasically intact but separated far enough for a person to be ejected or to crawl/atep out (class
2). About 76% of these nccidents involved sevore fuel fires and 29.4% of the persons enboard
in these 20 accidents were fatalities. Approximately half of these accidents invelved aircraft
speed at or near impact of 100 knots or more,

3. Sixteen accidents involved congiderable destruction of the fuselage sections nnd in moat cases
the sectiona alid or traveled many feet after separation (class 3). During this movement
persona were often thrownlejected from the remains of the fuselage section. In some cases
ejected persons were killed from frauma, and in other cases the ejected persons survived
because they were thrown out of a fire or burn area. About 93.8% of these accidents involved
severe fuel fires and 77.8% of those onboard in these 16 accidents were fatalities. In most
cases the aircraft speed at impact was well over 100 knots — two of these had an impact
speed of 188 and 271 knots, yet some persons survived. Many accidents in this group can be
considered to be only marginally survivable.

It can be concluded that the probability of fatalities in accidents resulting in fuselage breaks
during ground slides is closely related to gircraft speed at the time of impact that breaks the
fuselage. The group of accidenta resulting in only slight breaks (class 1) had an average aircraft
impact speed of 57 knots and 6.3% of those on board were fatalities. The group resulting in a clean
(but open) break (clasa 2) had an average speed of 83 knots and 29.4% were fatalities. The group
resulting in a torn fuselage (class 3) had an average speed of 136 knots and 77.8% were fatalities.
The greater the apeed, the greater the fuselage damage and the greater probability of fuel tank
rupture causing severe fire. However, even in the worst cases, some persons onboard survived.
Design changes that would result in a stronger fuselage that is more resistant to {ragmentations
should provide a substantial increase in survivability for those onboard.

FUSELAGE LOWER SURFACE RUPTURE (Excluding Fuselage Break Accidents)

Of the 163 impact survivable accidents in this study, 57 aircraft are known to have experienced
considerable damage to the lower fuselage and little or no damage to the upper fuselage (above the
floor ling). Seventeen of these 57 were fatal accidents, with 17.6% of the persons onboard being
fatalities. In addition to the accidents noted above, there are scven accidents that probably
experienced fuselage lower surface damage: three of these were futal accidents with 45.8% of the
persons onboard being fatalitics.

Lower surfuce damage accidents are divided into three groups for study purposes: cxtensive
rupture, minor or moderate damage, and those involving water entry. Statistical data on these
accidents are tabulated on figure 4.12. The three groups are discussed as follows:

1.  Twenty-eight accidents experienced extensive dumage and rupture of the fuselage lower
surface. Eleven of these were fatul accidents with 27.7% of the total onboard the 28 accidents
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being fatalities. A severe five occurred in 15 of the accidents and 9 of these were the fatal
accidents, Six other accidents involved a minor or moderate fire with no fatalities.

2. Twenty-five accidents experienced moderate or minor damage of the fuselage lower surface.
Of these only three were fatal accidents, with 1.6% of those onboard the 25 accidents being
fatalities.

Six of these aceidents involved a severe fuel five, four involved a moderate or minor fire, and six
had no fire reported. Of the three fatal accidents, two had severe fires and one a moderate fire.

Six accidents involved nose gear collapsing aft into the lower fusclage. One resulted in a
severe fire (friction ignited) which destroyed the aireraft and one resulted in a moderate fire
{friction ignited) which resulted in substantial damage. In another case of friction fire, the aft
fuselage broke and was dragged on the runway.

In design, the prevention of friction fires is treated by separation of flammable materials from
the proximity of friction sparks or heated structure, In operation, rapid action by the airport fire
fighting team has reduced the effect of the friction fire.

3. Fouraccidents involved water entry; that is, touchdown in deep water or rolling into deep water
at high speed such that the lower surface of the fuselage was torn or ruptured but the fuselage
did not break. Three of these four accidents resulted in extensive lower surface damage and
the aircraft sank rapidly. All three were fatal accidents with 18.1% of persons onboard being
fatalities. One accident resulted in moderate damage to the lower surface as the aircraft rolled
into water and came to rest on its gear with the water level at or slightly above the cabin floor.
There were no fatalities. These accidents were also discussed before, in this section, under
heading “Deep Water Entry Accidents.”

Lower fuselage tear or rupture generally occur when landing gear fails to support the aircraft. Thus.
scrubbing on rough surfaces (sometimes even on the runway) rips open the thin skins and body
frames. At the same time, wing box fuel tanks are also subject to rupture and fuel spillage. In 37 of
53 ground slide accidents the wing box was probably ruptured and, of these, fire occurred in 32 —
25 were severe fires and 12 were minor or moderate fires,

It can be concluded that the probability of fatalities in accidents resulting in lower f uselage tear or
rupture during ground slide is closely related to the occurrence of severe fuel fire. Flame and smoke
from fuel burning on the ground below and around the fuselage have, in many cases, rapidly entered
the passenger area via openings in the lower fuselage. If openings had not been present, the
precious minute or two required for skin burn-through would probably be adequate for evacuating
most or all persons via escape routes away from burn areas. Of the 12 fatal accidents during ground
slide, 11 had severe fire and one had a moderate fire.

FUSELAGE FLOOR DISPLACEMENT

Displacement and rupture of the passenger floor has resulted in pussenger and crew injuries, and
has restricted movement of survivors to exits. In some cases the upward movement of the floor has
resulted in the jamming of dovr: or door frames and in other cases doors could not be opened due to
floor debnis blocking the door. Generally, floor surface displacement is a result of the structural floor
beams being torn, ruptured, anc displaced upwards by ihe impact forces of cargo, cargo containers,
separated landing gear or ground objects. The exception to this is flnor displacement by the
hydraulic action of water when the aircraft touches down in water or rolls into water at high speed —
in these cases the floor beam may not be displaced upward.




Of the 163 accidents in this study, 36 are known or reported to have experienced passenger or
crow area floor displacement or rupture and probably in 4 other accidents. Statistical data on these
accurrences are tabulated in figure 4.14, For study purposcs, these 36 aceidents are divided into
three groupa: 15 that did not invelve a fuselago break, 17 that did involve a fuselage break, and 4

that involved the aircraft touching down or overrunning into water. These groups are discussoed ap
follows;

1. Of the 16 accidents which did not have fuselage breaks, 8 involved displacement upwards of
the cabin floor as a result of the nose gear folding/collapsing aft into the lower forward fuselage
cargo compartment or electronic compartment. Displaced cargo or electronic equipment
forced the floor up and probably tore or bent the floor beam. In four of these accidents the
cockpit door was jainmed, and in two the entrance door was jammed or blocked. None of these
were fatal accidents, however, one resulted in a friction-ignited fire at the nose gear tires which
spread and destroyed the aircraft.

Seven other accidents involved a ground slide in which the fuselage lower surface was torn or
crushed upward.such that fleor and floor beams were displaced upwards in localized areas. In
one of these a main landing gear assembly rolled/tumbled under the fuselage and caused much
of the damage. In three accidents, an entrance door was jammed or blocked by the floor.
Passenger seat elevations occurred in seven accidents which contributed to passenger
injuries. In three accidents passenger seat separations occurred. Accident reports in these
cases did not mention seat separation or floor displacement as interferring with
passenger egress.

2. Seventeen accidents which had fuselage breaks also had areas where the floor was displaced
upwards. These accidents tend to be more severe than those without fuselage breaks. If
fuselage separation is complete and wide enough for human and seat ejection, the impact of
passenger floor elevation or rupture is probably slightly minimized. In 13 accidents passenger
seal separation was reported, in 9 accidents seat elevation was reported, but in only 4
accidents was passenger egress reported to have been impeded. It is not known how much
impact the elevated or broken floor had on Passenger egress. Passenger entry door jam was
reported in five accidents and crew door jam in two accidents, Cause of these door jams in
most cases could not be established with any certainty but was probably due to either floor
elevation/rupture or due to fuselage break if the break was adjacent to the door.

3.  Crew/passenger floor elevation and rupture occurred in four accidents which involved the
aircraft touching down in deep water or rolling into water at high speed. In these cases the
lower fuselage surface was torn open and the lower (cargo) area filled with water. Hydraulic
action/pressure forced the floor panel upward, causing seat separation in two accidents and
seat elevation in three accidents. Exit doors were found to be blocked in two accidents.

In one accident, the forward closet dislodged. It shifted forward in such a way that the forward
entrance door was partially blocked and delayed opening of the door. Also a section of floor
came up and provided an opening in which two of the crew fell into the lower forward
compartment.

In another accident, nose gear separated and tumbled aft, forcing up and rupturing the lower
fuselage. Floor beams and floor panels were elevated causing passcnger seats to tilt
beckwards and block emergency exits on both sides of the fuselage.

Available accident data provides evidence that displacement, elevation, or dislodging of he
passenger/cockpit {loor system in localized areas has resulted in pussenger and crew injuries and
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has, in varying degrees, interferred with or delayed the evacuation of passenger snd crew.
However, accident reports generally provide very little detailed information on thia type of damage
unless it is related to the cause of the accident. Studies of these areas must rely on brief atatements
and aceident photographs which seldom “zero in” on the desired areas. It is concluded fm_m reviews
of available data that a floor system more resistant to tear/rupture/separation, though still f!exxble.
may reduce some of the debris and factors which are believed to impede evacuation of the aircraft.

ENGINE/PYLON SEPARATION OR COLLAPSE

Separation of an engine from the pylon or separation of the pylon from the wing or body often occurs
in accidents involving touchdown, short/hard touchdown, overruns, or veering off the runway. When
one or both main landing gear collapse during these types of occurrences, the probability of engine
pod damage or separation is increased. Generally, loss of the engine (forward or reverse thrust}is of
minor significance but rupturing of the engine fuel feed line (releasing fuel) and tearing of electrical
leads (causing arcing) can be a hazard because of the potential for a fire occurring at the fuel feed
line break point. The significance of this pylon break fire hazard increases if the wing fuel tanks are
ruptured and large quantities of fuel are released on the ground. It is believed that the engine and the
pylon break fires have been the ignition source for many of the fuel tank fires. Accident reports
seldom confirm or deny this, since it is not generally possible to establish from evidence at the
accident site what actually provided the ignition source. In some occurrences, friction sparks from
wing or fuselage sliding on terrain may have caused ignition of released tank fuel only seconds or
microseconds before an engine pylon fire occurred. There is no known way to establish the actual
sequence of the events. However, from a review of accident data, there appears to be a relationship
between wing tank ruptures, severe fuel fires, and pylon break fires that indicates pylon break fires
probably provided the source of ignition for released fuel in many accidents.

Of the 153 accidents in this crashworthiness study, 94 involved aircraft with engines on wing pods
and 59 involved aircraft with engine pods on the aft fuselage. These two groups of aircraft are
reviewed separately.

Wing Pod Engined Aircraft Accidents

Of the 94 accidentis (including known and probable occurences) involving wing pod engined aircraft,
67 (71%) involved rupturing of the wing box fuel tank and 68 (72%) involved collapse or separation of
the engine pylon to the extent that the engine fuel feed line was torn or ruptured. The occurrence of
these two types of damage are shown in figure 4.14.

Fuel fires originating at the fracture of the-engine fuel feed line in the pylon are reported to have
occurred in 12 accidents and probably occurred in 33 accidents, No fires were reported at this
fracture point in 23 accidents.

The proximity of the wing pod engine to the wing box fuel tanks hes resulted in correlations between
engine separation, fuel tank rupture, and a severe fuel fire. Approximately 71% of the acci ‘ents
involved rupture of the fuel tank and releasing fuel on the ground and, of these, 31% were considered
large fuel apills such that the spill area probably was near or adjacent to the engine pylon location.
The study shows that 82% of the large fuel spills resulted in severe fires and, in 78% of these, &
ruptured engine pylon fuel line fire probably alse occurred.

In numerous accidenta, separated engine pods have rolled or tumbled under the wing or fuselage as
the aircraft slides to a stop. However, accident reports seldom indicate that the ped ruptured the
wing box fuel tank in this movement. In most cases, investigators are probably unable to determine
what objects actually caused tank rupture.
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Figure 4.14-Engine/Pylon Separation/Collapse and Fuel Tank Rupture, Wing Pod Engined Alrcraft
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Aft Body Engined Alreraft Accidents

Of the 69 accidents involving aft body engined aireraft, 38 {84%:)involved rupturing of the wing hox
fuel tanks and 21 (36%) involved collapse or separation of the engine pylon to the extent that the
engine fucl feed line waa torn or ruptured. The occurrences of these two types of damage are shown
in figure 4.16. Of the 21 occurrences involving enginefpylon collapse or separation, 7 resulted from
a very hard touchdown, 7 due to impact with ground objects, and 7 due to high vertical loads as the
aircraft slid over rough ground or impacted water. No engine pod separations were known to be
caused by pod ground contact during aircraft slide on the lower fuselage.

Fuel fires originating at the fracture of the engine fuel feed line in the pylon are reported 1o have
occurred in two accidents and probably occurred in five accidents. Reports indicate that no fire
occurred at this fracture point in 14 accidents.

Severe wing tank fuel fires occurred in 26 accidents but, of these, engine/strut fuel line fires were
reported in 1 and probably occurred in 5. This indicates that wing tank fuel, in 77% of these cases,
was ignited by something other than by an engine fuel feed line fire, In the other 23% (six cases) the
reporta do not indicate or show evidence that the engine fuel feed line fire provided the ignition
source for the wing tank fuel fire. In most accidents, the.investigators are probably unable to
determine the actual source of the apilled tank fuel ignition.

Engine Fuel Feed Line Fire Hazards

In the 153 accidents used in this study, loss or collapse of an engine or pylon generally creates a
potential hazard only if a fire occurs at the point of fuel feed line rupture and, if in flight, the fire is
sustained for possibly 30 seconds or more. In wing pod mounted engine aircraft, the hazard is
ignition of spilled wing tank fuel or overheating of wing fuel tanks to the point of explosions or skin
burn-through. If tank fuel is not ignited, the engine atrut fire itself generally has little impact on
passenger evacuation or survivability.

In aft body engined aircraft, the hazard is burn-through of the aft body skins and a fuel line fire
burning vital controls and systems within the aft body. These fires, being remote from the wing
box fuel tanks, are a povantial source of ignition of tank fuel only if the-tank fuel is spilled in the
area under or around the aft engines.

Conclusions;

1.  Engine fuel line fires caused by engine separation or collapse are a hazard of
underdetermined dimensions, particularly in wing pod engined aircraft accidents. The source
of ignition of spilled tank fuel is seldom reported and probably, in most cases, cannot be
actually determined. Nevertheless, research should be accomplished in the area of
minimizing the flow or volume of fuel released from a fractured engine fuel feed line and
eliminating the sources of ignition of this fuel.

2. Wing box fuel tanks have, on rare occasions, been torn open when engine pylon separates
from wing structure. Study should be accomplished to develop structure fuse points to assure
A clean strut separation. Thie could include clean fuel line separations and electrical lead
separations without arcing.

3. Engine pylon separation or collagse often follows separation or collapse of one or more main
landing gear. It is not possible to determine from accident reports how many engine pylons
would not heve separated or collapsed if the main landing gear had not collapsed. Jt appears,

Hl

- PV S R U IR




R e LA R

Tolal study

t T ETETE RO

R

accidenls
163
| 1
All body Wing pod
engmne A C ongme A C Figure 4.14
59 94
Fuel tank No tue!
spills tank spill
a8 21
1
——
engme pylon No engine
Dreak pylon break
4 17
Fuel line No tuel
fue Ithe fire
1 3
Large fuel Small med
spull tuel spill
H 7
|
Tank tuel Notank tank fuel No tank
fire luel lire fire tuet hire
26 5 3 4
Engine pylon No engine Engine pylon No engine
break Pylon bredk break pylon breah
i3 13 0 3
Fucl kng No fuel kngine pylon Fuel hne No tuet
lire hne firg bk - ng hue fire hne lue -
6 7 3 n 0

82

Figure 4.15-Engine/Pylon Separation/Collapse and Fue! Tank Rupture, Aft Body Engined Aircraft




B s S e ML RN AT 4 T TR TR R e .,.d...“-———w
!
i

however, to be of a sufficient number to justify research in landing gear design philosophy
and dovelopment of landing gear ia more tolerant of travel over rough, soft terrain off
the runway,

CABIN DOOR OR EXIT JAMMING OR BLOCKAGE

Of the 1563 impact survivable nccidents atudied, reporta for only 47 accidenta cited occurrences of
entry door, galley deor, cockpit door, or emergency exits jamming or being hlocked by cabin
equipment, debris, or outside objecta. It is believed that door or exit related evacuation problems
also occurred in many other accidents.

Fuselage breaks often provide a handy and expeditious means for some of the passengers and crew
to evacuate the aircraft. In 10 of the 47 accidents, where door/exit problems were cited, the reports
also indicated that scme passengers and crew departed via breaks and holes in the fuselage. In
most cases these pecple could have also departed through available doors or exits. However, in.a
few cases the fuselage break was probably the only means of escape.

In many accidents which involved severe fuel fires, some doors or exits could have been readily
opened but were not used because of fire in that particular area outside the fuselage.

Available factual data relating to the 47 accidenta citing door/exit problen~ arc tabulated in figure
4.16. These data indicate that most occurrences (57%) invelve doors at the front of the fuselage
and only 16% at mid-body and 27% at the aft fuselage. This ratio is expected since in ground slide
rocidents the forward fuselage is the first to impact objects such as buildings, trees, poles, etc.
These data also indicate that forward fuselage doors involved jamming in 64% of the cases and
blockage in 36% of the cuses. Doors in the aft fuselage had approximately the same ratio. Mid-body
exits, however, had this ratio reversed with blockage being 64% of the cases and jamming only
36% of the cases. It is probable that wing box structure provides protection from jamming of the
mid-body overwing exits.

Considering all doorsfexits, jamming is reported in 59% of the cases and blockage in 41% of
the cases,

Jamming is generally caused by door frame distortions, however, accident reports seldom
provide much detail on how or what caused the problem. Floor-lift due to upward forces from
the cargo area often cause total or partial jamming of doors. The same upward forces may
also cause door frame distortion. In a few cases evacuation slides are involved in door
jamming.

Blockage is generally caused by collapsing of overhead storage compartments and release of
the contents. This debris usually results in complete inability to open the door or exit.
Spillage of galley contents occurs frequently, which tends to cause a delay in opening the
door. In a few cases displacement of a galley or coat storage compartment has caused door
blockage, particularly at the forward fuselage locations.

The number of fatalities that were a direct result of door jamming or blockage can seldom be
determined or even estimated from available data. Of the 47 accidents in which door/exit problems
were cited, only 24 involved fatalites (2187 ttal onboard of which 753 or 34.4% were fatalities).

Of the 24 accidents with fatalities, 9 had 2 or more doors or exits jammed or blocked and 41.9% of
those onboard were fatalities, In the other 15 accidents only 1 door or exit was jammed or blocked
and 27.1% of those onboard were fatalities.
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From this study of door and exit problema during emergency evacuations, it can bo concluded that
survivability might be increased if floors and structura in the area of cach entry and galley door be
designed to eliminate jamnming of doors, and if overhead storage compartments he designed to
resist collapse and reduce door blockage.

WATER ENTRY

Accidents in which aircraft impact water or come to rest in deep water involve special hazards. In
scenario type $13, 46.3% of the occupants drowned. There are 16 water accidents in the data base
of which water wae an important factor in 11 cases. These 11 cases are reviewed.

Water cases that are excluded are the 707 Oso accident, L-1011 Everglades accident, 727
Maderia accident, 727 Mexico City accident, and the 707 Rio de Janerio accident. These accidents
resulted in trauma fatalities for the most part, and water was only incidental to the accident outcome,

Water entry accidents of concern appear to have some common factors. First, they usually occur at
night. Second, there is usually a relatively rapid loss of flotation resulting in a portion or all of the
aircraft sinking, Third, while there has been confusion, most occupanta have been able to evacuate
the aircraft. Finally, many of the drowning fatalities occur after the occupants have left
the aircraft.

Assessment of the water entry accidents is shown in figure 4.17. The accidents are divided into two
groups: high energy impact and slide/roll into the water. There are eight high energy accidents, For
the Caravelle Maderia accident all that is known is that the aircraft touched down at sea, the fuselage
is presumed to have broken, and the numbers of fatalities and injuries. Consequently, it is classified
unknown. The DC.9 Palermo accident has a little data and is classified known, but is borderline.
There are three cases where the aircraft rolled or slid into the water. For all of these accidents the
fuselage experienced either lower surface crush or had one or more breaks.

In all the high energy impacts there was a loss of flotation attributed primarily to ‘- selage damage.
While tank rupture resulted in some loss of buoyancy, the major effect of tank rupt..r» was to expose
occupants to fuel (chemical burns) and to make everything slippery.

The floor system was known to be disrupted in six of eight accidents, Disruption was due in part to

the hydrodynamic forces of water entering the fuselage through the underside or tirrough breaks in
the fusclage.

A part of this disruption resulted in displacement and elevation of floor beams with subsequent
separation of seats, and also contributed to problems in the evacuation of the aircraft. In addition,
doors were jammed and debris from cabin interior systems was present. In the 727 Pensacola
accident, water destroyed the lower fuselage, ruptured the body fuel lines, and separated an engine.

Accidents where aircraft skidded or rolled into water experienced similar damage as the high energy
impact, but to a lesser degree. However, close proximity of land, substantially reduced drowning.
The 15 drownings in the DC-8 Rio de Janerio accident were attributed to disorientation of the
occupants after they evacuated the aircraft and to improper use of flotation devices.

After the DC-9 8t. Croix accident, a special study (ref, 2) was made by the NTSB on water ditching.
Here, even though it wae known that ditching was inevitable, 23 occupants drowned. There were
problems with life rafts, life vests, and seat belts. Other problems with this equipment were
encountered in the DC-8 Los Angeles accident. 1t is felt that incidence of drowning could be
substantially reduced by better location of life rafts. For instance, placement of rafts above the exits
with external access might provide better accessibility.
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Improved crashworthiness might also be obtained by increasing the resistance of the fuselage to
breaks and by increasing the resistance of the lower fuselage to water penetration.

ADVANCED MATERIALS

- The application of advanced materials such as improved metal alloys and composites to structure
that has a significant crash function is now considered. As seen from the above discussion, the
conventional commercial aluminum jet transport aireraft designed to FAR 25 have demonstrated
generally good structural crashworthy characteristics.

Consequently, those materials having fracture, impact and ductility properties similar to aluminum
might be expected to be applicable on a direct substitution basis without affecting crashworthiness.

Where the properties are dissimilar, auch as for compogites, questions are raised on how to maintain
an adequate level of crashworthiness.

There is little data available on the crash behavior of composite structures. The U.S. Army has active
programe directed towards the application of composites in helicopters as part of the ACAP and in
sponsored research. In addition there are military research programs on ballistic damage to
composite structure. Results of these programs will provide valuable information. While these results ;
may not be directly applicable to the commercial jet transport, they may suggest approaches to
researck that may be fruitful. |

Use and planned use of advanced composites in both military and commercial aircraft is in a rapidly
expanding mode. Use of graphite/epoxy as a viable material for aerospace structures became a
serious consideration in the mid-1960s with the development of Thorne! graphite fibers by Union
Carbide. Initially, use of the material was hampered by high cost and lack of technical data. Currently,
both of these factors have been alleviated so that extensive use of the material is both feasible and
advantageous. The impetus is the typically 20 to 30 percent reduction in structural weight that can
be realized with accompanying increases in fuel economy or aircraft performance.

The application of composites on military aircraft is moving rapidly. The F-18 has wing skins and tail

structures of graphite. The entire wing str:cture of the AV-8B Harrier is graphite, as are the forward |

fuselage and tail. ‘ ‘
|
4

Planned use of graphite on future commercial transport aircraft is also aggressive. The Lear Fan

aircraft is all composite structure and the Falcon 10 will have a graphite/epoxy wing box structure.

The 757 and 767 aircraft will have control surfaces of graphite. These include the spoilers, ailerons,

elevators, and rudders. Main landing gear doors will be a combination of graphite and Kevlar. There

are also serious plans for other downstream uses of graphite on the 767. These include use of

graphite for selected floor beams and for horizonta} and vertical empennage inapar structures. Use of .
- graphite for such parts as the main landing gear beam and flaps is also under study. :

' |
' Graphite composites are used on the 757 and 767 aircraft for some components. Most applications

, are for secondary structure. Application in control surfaces follows Boeing’s successful program 1
) with NASA, which tested and certified graphite/epoxy elevators for the 727. A similar prograi is
underway for the 737 horizontal stabilizer. Graphite 737 stabilizer components have been
successfully ground and flight tested and certification is expected in the near future.

In considering the various aircraft parts which will be fabricated from composites, it must be

emphasized that these will be designed and tested to meet the requirements of FAR 26. As an
example, floor beams will be analyzed and tested to ensure their being able to withstand the

-2 4
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atipulated 9 i soat for, s, Similarly, crash load requisesaonts will be included in the design of other
componenta. The landing gear bean is designed so that it will break away in oveat of gear collapne

\

7 wo it will not puncture wing fuel eelln.

k ' The question bocomes thon, how will the structure react if the design erash londs ave exceeded and

b importantly, in the event of a fire. Relative to this was a recont sindy to dotermine if graphito

" coposites, if aubjected to n eatastrophic five situntion, might relesse filnmonta that would causo ”
4 wideaprond electriend shorts and eauso failure of proximity oloctrical equipment, for example failure

of powor substations. In this case, NASA concluded after oxtensive study, that riska invelved with
acrospace use of fiber carbon fibers were minimal. The poteutial loss rate waa estimated at an
ingignificant $1000 per yoar (vef. 3). .

Another important consideration is the mechanism for energy dissipation in a crash. This is to a great
extont dependent on the structural configuration. Most effectively, dissipation is by deformation
such a8 buckling or materinl clongation. The ability of structure to deform, however, deponds
strongly on the construction materials. Relative energy absorbing characteristics of materinls are
generally indicated by the area under their load deflection or stresafstrain curve. Metals benefit from
their relative high clongation capability or ductility. Fibers in composite structure by nature reninin
elastic to failure and have low elongation capubility, thus their energy absorbing capability can be
expected to be low. Differences between the two materials is demonstrated in figure 4.18.

Another meaningful comparison that can rendily be made is elongation to failure, Graphite laminates i
typically fail at approximately 0.8 to 1.0 percent strain while 2024.T3 aluminum typically strains to
1010 12 poreent. :

sSome apparent ductility ean be gained by stressing in shear or by testing axinlly with the fibera :
oriented of f-rxis, sty at £46° to the test nxis, The shear case is demonstrated by a curve for a Kevlar t
fabric laminate in figure 4.19. Some gain in offective duetility may be obtained by off-uxis 3
reinforcement in multidirestional laminates, however, the gain is suspected to be small, Seemingly,

when fibers inline with the load fail, load should be transferred to off-axis fibors with greater strain -
capability to nbsorb additional energy. ‘

However, when the inline fibems fail, the effect, unlike a ductile case, is very dynamic and it is unlikely
aignificant enorgy is absorbed. This inatantancous eneegy release is demonstrated by noting the i1
three-picce failure of n graphite multidirectiona! laminate tonsion specimen in figure 4,20, Insome ’
cases, spocimens way il in 4 to 5 pieces ag a result of initial failure induced shock waves,

A more effective method of improving energy absorbing characteristics is to add reinforcement
fibéurs with higher strain capability, Kxamples are to uso glass or Kevlar fibers. The effectivity of using
hybrid techniques to improve impact properties has been demonstrated by use of an instrumented
Charpy test. Thie is described in referonce 4. While the conventional Charpy test is only concerned
with total energy, the instrumented test differentintes between the initiation and propagation phase
to give & ductility index. This ta illustratod in figure 4.21.

The improvement in energy absorption characteristios of the geaphite by two lovels of Kevlar fiber
additions is indicatod by the total encrgy sud ductility index figureain table 4.7, The improvement in S
aignificant,

Other arcas of concern relative to composites and crushworthiness are as follows: :

1. Fuel contaimuent in wet wings
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Figure 4.21. - Schemtic Representation of Load History in an impact Test

Table 4.7-lmpact Properties of Unidirectionsl Composite Materials
as Determined from Instrumented Charpy Test

o Apparent Total Energy Per Unit Area _
Reinforcing Flexure ft-Ibfin.2 (Jim?) Ductility

Fibers Strength Index J
ksi (MN:m?) Dial Oscilloscope ;
HMS-graphite 125 (860) 3.8 (8 X100 3.8 (8 X 109 0.0 :
20%koviar 49 170 (1170) 343(7.2X 109 30.5(6.4 X 109 6 :
80% HMS-graphite ;
41% keviar 49 141 (970} 46.7 (9.8 X 104 429 (9 X 109 4 ,
59% HMS-graphite f

The first valuo was based on the onset of nonlinearity. The number in parenthesis was based on maximum stress.
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2.  Smoke toxicity for interior cabin uses
3.  Bum-through rates for fuselage applications

Fuel containment characteristics might be expected to be inferior to the metal wing. This is primarily

due to the material being unable to plastically deform and still remain intact. Tear resistance of the ~
material is high however, and failures tend to be of a delaminar nature. Thus, penetration damage

may not be as severe. Also because of a lower density, structural inertia loads will be lower.

Smoke toxicity is not currently considered to be a problem. Risks e consistent with occurrence of .
other similar material now in the internal fuselage area.

Burn-through rates for composites are expected to be lower than for conventional aluminum. The
graphite/epoxy will melt and the fiber char while the aluminum will melt. The much lower thermal
conductivity of the compoaxte (3 BTU/°F, b, ft, ft2, as compared to 80 for aluminum) will give it a
decided advantage in deterring through- t.he-thlck.ness heat transfer.

In order to assess the crash performance of ~omposite structural components, it is necessary that .
the performance of current metal components be known quantitatively. Differences in crash
response modes and the performance of the crash function may then be compared for each
component. With improved analysis and test methods, design provision may be made for occupant
protection,

Crash performance of advanced material components must be assessed in the context of the
complete airframe. Implied reduction in energy absorption seen in coupon tests may be offset by

design innovation in the structure, by use of parasitic crushable energy absorbers in key locations : 1
such as seats and lower frames, or may not even exist. The entire concept of occupant protection
may need to be revised. Optimization studies of occupant protection strategies should be made.
Research is needed to evaluate these advanced concepts.




5.0 CURRENT STATE OF CRASHWORTHINESS TECHNOLOGY

An overview of the current state of crashworthiness technology is presented in this section. The
U.S. Army's Aircraft Crash Survival Design Guide (ref. 6), which provides a crashworthiness
technical base for light aircraft and helicopters in military applications, is reviewed for
applicability to commercial jet transport aircraft.

Analytical methods for modeling the occupant response to a crash environment are reviewed and
assessed. Human impact tolerance is reviewed and problems of relating impact injury to
engineering quantities are discussed. In addition, the applicability of generally recognized
tolerance limits to the population of aircraft occupants is considered.

The status of analytical methods for treating nonlinearities in inelastic structural behavior and
large deflection geometry is reviewed. A review of crash tests of complete aircraft and of
experimental testing of structural components has been made. A survey of impact test fecilities is
presented and problems of testing complete commercial jet transport aircraft and structural
components is discussed.

An assessment of current crashworthiness technology as applied to commercial transport aircraft
is made. Requirements to improve crashworthiness engineering are presented and research to
develop the necessary technology is discussed.

REVIEW OF U.8. ARMY CRASH SURVIVAL DESIGN GUIDE -

The guidelines proposed in the new U.S. Army’s Aircraft Crash Survival Design Guide have been
examined to identify areas relevant to commercial airplanes,

The Aircraft Crash Survival Design Guide contains a summary of material that provides a
background on crashworthiness in general, Specific application of the guidelines to commercial
aircraft has been assessed. Appendix D presents a detailed synthesis of principles, practices and
comments based on abstracting the Guide and incorporating other experiences, opinions and data.

The new U.S. Army's Aircraft Crash Survival Design Guide defines a number of goals that the U.S.
Army desires to schieve in order to improve protection in Army aircraft. Evolution of these goals
into clear-cut design criteria is a continuing process; this third update of the Guide incorporates
feedback from interim experience, pointa out the likely need for design trade-offs more clearly
than the previous editions, and as clearly points out compromises will likely remain after all
possible trade-offs are complete. Two factors emerged from investigation of the Guide that bear
comment; the autonomous role the Army has in exploring new concepts, including freedom to
waive requirements; and the distinctions in vehicles and corresponding impact conditions from
Army aircraft to large commercial aircraft.

First the autonomous role of the Army and the aircraft they fly gives them many options in
exploring protective provisions. They have small vehicles (less than 20-passenger maximum
capacity and more typically less than 5) with relatively clear-cut implications and ramifications for
any changes that might be considered.

Additionally, as specification engineer, purchaser, and user, the Army is in a position to review
trade-offs and waive goals, guidelines, and criteria when warranted. Under current regulatory
procedures, this is not possible in the commercial environment; requirements, once established,
may not be waived. This helps to clarify why goals, guidelines, and criteria are not clearly
distinguished in the Army's Guide; such waiver authority makes it possible to emphasize
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“maximum possible protection” and explore new concepta. Autonomous planning, purchasing, and
user roles also mako it more fensible to explore and appraise ideas that can not be easily
determined or demonstrated by analysis or may be interpreted diffovently by individual revieweors
(e.K., “provide as much protection a8 possible™).

Other industry segments have a difforent circumstance; by design necessity, objectives are bused
on minimum acceptable requirements for adequate protection under given circumstances.
Objectives are justified as actually being proven and beneficial, the waiver authority ueed in the
Army does not exist in the commercial environment.

Secondly, there is considerable difference in likely impact characteristics between the small, rigid
body aircraft used by the Army and the large, flexible body aircraft nsed commercially. Army
gosls nre based on systems which will suffer a larger range of impact attitudes and higher impact
loads, For example, spin-in and rotor. thrashing causes large lateral forces snd upside down
impacts that are essentially unheard of in large fixed-wing aircraft. Additionally, there is a
marked difference in inherent energy absorbing features between the two airplane types. For
example, the small airplane has a much smaller subfloor volune, fewer structural members, and a
correspondingly more rigid structural area to absorb energy than exists for the large cross section
of the flexible-body aircraft. Some of the resulting implications are inferred in the Guide. They
point out, for example, that cargo tiedown criteria from the Army Guide are much larger than Air
Force practices, but acknowledge that there is no statistical reason to change 2#5r Force criteria.

The above describes some of the reasons to question direct transfer of guidelines or specifications
from the Army Guide to commercial systems, Although many of the principles apply, are relevant,
and are practiced, criterion bases are clearly different. Relevant criteria have been abstracted and
collated from the Guide, and the resulting interpretation and commentary is presented in
appendix D. The new Guide npdates previous guidelines and goals based on Army's experience and
their recognition of broader research and development activities over the last 10 years. In addition
to data in the Guide, new information continues to be developed and earlier information continues
to be clarified. Some such information is added to Guide informatien in appendix D (e.g., for
tolerance and restraints).

The review of the Guide suggests some research topics and tools that are warranted, can be worked
usefully, and will improve tho technology for impact protection. Army goals to improve
survivability for impacts of small aircraft include four major areas: (1) system design for structural
integrity, energy absorption, and post-impact provisions; (2)design principles for impact
protection via aircraft seats, restraints, litters, and padding; (3) modeling and testing methods for
sppraising impact loads, load paths and their effects; and (4 human impact tolerance
and protection.

System design considerations in the Army continue to emphasize energy absorption and posterash
protection. Newly under consideration are possiblo ways to avoid reduction of and intrusion into
occupiable volume caused by impact loading.

Energy absorption at the structursl level remains a difficult concept to design and control.
Absorbing provisions include gear, wings, fuselage, seats, litters. and restraints. Dynamic
interactions at the system level are so complicated that final resolution of questions by the Army is
still by test — full-scale drop tests are practiced. However, several computer models providing f ull
system simulation have been under development for several yonrs and are approaching stages
where they should be challenged by attempte at real calibration and application.

Posterash survival continues to receive very heavy emphasiz in commercial aystems. A major




government/industry program is being carried out that has multiple objectives, including: to
- improve control of fire, develop new materials with improved characteristica, and develop a more
heat resistant escape slide.

Evidence is starting to emerge suggesting feasibility for some concepta, but limitations remain to
be resolved. Four examples are: (1) fuel inerting actuation by impact acceleration, may work on
impact, but may also actuate at altitude in turbulence acceleration; (2) hent resistant slides are
being developed, but some may not be stowable withoui saic: changes and others may have a
short storage life; (3) some design features for control of fuel line disturbances are proving
effective; (4) computer simulationa of some processes are being explored, for example, simulation
of fire propagation to imprc.c understanding of und ability to contro! fires, and simulation of
evacuation performance to provide an improved engineering tool. These are in the early
exploration stages snd should be continued.

st T4

Design principles emphasizing energy absorption concepts for seats, litters and restraint aystems,
are evolving at a more rapid pace. Load limiters are being considered as peak load alleviators to
help maintain some degree of system integrity. They provide increased assurance the seat
occupant will remain in place, and will not be subjected to loads exceeding his impact tolerance.
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Modeling approachies simulating energy absorption characteristics at the seat-restraint level are
demonstrating feasibility as a design tool (see Occupant Modeling Methods, following). They could
be used to explore and develop effective energy absorbing seat-restraint concepts, and offer a cout-
and time-effective approach to resclving energy absorption questions for the new composite
materials technology. But stronger does not automatically mean safer, and a rigid 20 g seat will not
necessarily provide the protection of a ductile seat that starts yielding at lesser loads, Composites do
not feature the same ductilitics as metals, and consequently possess different energy absorbing
churacteristics. Accordingly, use of composiies may require alternative design concepts (e.g.,
different seat leg design} in order 1« honefit from the design advantages of composites without losing
the energy absorption features of '+ carlier metal seating systems.

Modeling coupled with testing could become a meaningful combination for developing and evaluating
system design concepts. Some existing mode’ lur structure, seat, restraint, and occupants could
be calibrated to real world obeervations, inwgrated into a single system concept and used for
advanced concept evaluations, for identifying specific data and test needs, and for predicting the
outcome of major system tests. An overview of the models that could be used for this purpose is
presented in table 5.1.

The desirable approach would be in two phases. First, experience with the various models is now
sufficient, and it should be feasible to develop a detailed specification to define and develop a series
of modules to permit exploration and development of individual elements that could be combined to
estimate the performance of the occupant, restraint, seat, and structure. Second, it is necessary to
develop and demonetrate calibrated three-dimensiona! performance against real test data, and
define ground rules for appropriate use of 2-D and 3-D models. Some models, such as
PROMETHEUS I1I, are two-dimensional but can demonstrate a high degree of accuracy in predicting
to a test situation. Some added features may be needed to complete 2-D applications potential (e.g.,
in simulating an energy abeorbing, deforming seat). From this result, and aseociated knowledge it will
be easy to identify and develop 3-D refinements. The 3-D capability would complete occupant
' development needs and also help to discriminate when 2-D and 3-D models might be appropriste.

Human impact tolerance data continues to be in dire need. Data, indices, and estimates of tolerances
are limited in both accuracy and scope of applicability. Obviously, tolerance limit data are not readily
acquired. However, new data below the tolerance hazards continues to be generated and will be
needed to reduce or eliminate the current constraints on data (see Human Impact Tolerance, and

app. D).
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Table 5.1-Plan for Developing Needed Modols

. Davolop/calibrate Prudict to

Neoedod Appraise Davelop specification  pmodels/modulas New tosts
Modetimodule Potentialiy Synthesize elements  Raline synthasized
Purpose Usable models® From known models  Modol(s)

PROMETHEUS I
Occupant SOM-LA
Simulation CALSPAN occul Laboratory data Planned

ATB (articulatad Army drop lests 1984

total body) NASA tests NASA-FAA

Restraint PROMETHEUS Il DC-7 test Drone
Simulation SOM-LA RESTR 1 Consteilation Test

ATB Test

FAA tesls

PROMETHEUS IN
Seat SOM-LA
Simulation DYCAST SET 1

KRASH

ADINA

DYCAST
Structure/ KRASH
Fusclage ADINA STRUK 1

ACTION

‘Improvements in exisling models might be accomphished by ncluding small packages such as the FEAP 74
structural contact model
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More definitive research is noeded for effective use of human tolerance data. Here, too, since
tolerance limit research is impractical, models may be useful to explore tolerance in controlled
teste to establish exposures in accidents and thus to update the data base using results froin real
accidents.

OCCUPANT MODELING METHODS

Numerous dynamic models of the human body have been developed for crash impact analysis to
predict the response of the occupant, restraiiit and/or seat systems. One., two-, and three-
dimensional models have been developed. More broadly described in this present report are:

1. Dynamic Response Index (DRI) (ref. 6)

2. Seat Occupant Model: Light Aircraft (SOM-LA) (ref. 7)

3. PROMETHEUS (now PROMETHEUS III, ref. 8), two-dimensional, restraint performance
integrated with body dynamics and other outputs similar to SOM-LA

OCCUPANT MODELING SUMMARY

Three occupant-simulation computer programs are evaluated in the following discussions for their
ability to produce useful engineering data regarding relative safety of a restrained occupant: a 1-D
model (DR, a 2-D model (PROMETHEUS III) and a 3-D model (SOM-LA).

The one-dimensional model (DRI) is usable only for seat ejection evaluation and is of no use for
evaluating the safety of commercial aircraft. The two-dimensional model (PROMETHEUS ITI) is
suitable for producing sophisticated engineering trade-off data and is being used for this purpose,
subject to the limitations imposed by the 2.D nature of the simulation. The 3-D model (SOM-LA)
needs modeling improvementa before being usable for engineering purposes. Needed
improvements are technically difficult and fall into the realm of applied research. Although SOM-LA is
not currently adequate for evaluation of restraint system performance, it provides a rough
approximation of the gross motion of the occupant for putposes of approximating the dynamic loads
on the structure. The possibility of merging these programs with a large finite-element computer
program such as DYCAST will be also considered and & procedure for accomplishing the merging
will be proposed,

PROGRAM CALIBRATION

Computer modeling of nonlineai transient structural dynamics is a relatively new technology, and
standards defining a “good” structural dynamics computer program are still evolving. (Occupant.
simulation is a special type of structural dynamics). As a consequence, each new structural
dynamics computer program must individually earn acceptance in the engineering community
before its calculations will be utilized by designers.

There are two aspects to acceptance:

1. The program must produce believable results. That is, predicted dynamics should appear
reasonable and credible to the designer, and the desigher should be confident that the
program models the main dynamic effects. To enhance believability, the program output
should contain, in readable form, information which assista the desigier to underatard the
dynamic events (such as time histories of system forces). Graphic aids are also helpful.

2.  Program accuracy must be demonatrated. That is, demonatration of capability to reasonably
predict an actual test. Achievement of predictive accuracy is usually a very difficult and time
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consuming process for occupant simulation codes because of the nonlinear nature of the
problem and the difficulty in obtaining measured valucs for input dynamic parameters,

One approach was applied in evolving a calibrated level of performance for PROMETHEUS I1.
Instrumentation data from several sled tests were obtained from CAMI and physical data for the
anthropomorphic dummies were obtained (limb weights, measurements, and spring constrainta).
These were eystematically refined by sensitivity testing so that propertics could be estimated
where measured data could not he found,

One of the CAMI tests waa then simulated by PROMETHEUS, When the initial simulation did not
provide satisfactory correlation with test data, the problem was attacked from two directions.
First, it was evident that the restraint system model in PROMETHEUS was+ inadequate, s0 a more
sophisticated mathematical model of the lap belt and shoulder harness was developed and added to
PROMETHEUS. For example, the lap belt was refined to permit the slipping associated with
submarining, the shoulder harness was refined, and chest/shoulder flexibility was added to
appropriately incorporate harness/body interactions and slipping of the harness on the shoulder.

The second approach, which was attempted concurrently with the first, was to parametrically vary
the mechanical properties of the simulated occupant (such as neck stiffness and damping) in
PROMETHEUS simulations and note the resulting trends. Parametric variations helped provide a
“feel” for. the occupant dynamics and served as sensitivity studies to identify the important
dynamic parameters. Some dynamic effects were observed which were not influenced by the
parametric variations. Additional modifications were made to the mathematical modeling in
PROMETHEUS and parametric evaluations completed to approximate these effects. Additional
cycles of modeling improvements/parametric variations continued until correlation with actual
test data was achieved. The resulting modeling changes to PROMETHEUS were quite extensive;
so much so that the correlated model was renamed PROMETHEUS III, Figure 5.1 summarizes
parametric variations and modeling changes required to achieve calibration. After calibration, an
independent test case was simulated with PROMETHEUS, producing good agreement with actual
test results involving a real Part 672 dummy in sled testing. Figure 5.2 indicates the correlation
finally achieved.

REVIEW OF OCCUPANT-SIMULATION COMPUTER PROGRAMS

Three occupant-simulation models are reviewed below. These are a one-dimensional mode! (the
spring-mass model associated with the Dynamic Response Index), a two-dimensional model
(PROMETHEUS M), and a 3-D model (Seat-Occupant Model: Light Aircraft).

The models are examined from two viewpoints: first, as a tool for engineering design of a
seat/restraint system; and second as a possible candidate for integration into a large structural
dyr.iuics simulation computer program, in order to model the complete system (aireraft, seat and
occupant) in a single simulation.

ONE-DIMENSIONAL MODEL—DRI

A one degree of freedom dynamic-response model of a human occupant has been proposed (tef. 6).
The model conaists of a simple linear spring and damper and a point mass. The spring is sized by
the compreasive stiffness of the lumbar vertebrae and the damper is sized by human vibration
tests.

The DRI is an injury scale associated with this model. The DRI for a deceleration pulse is the ratio
of the peak compressive spring force which occurs when the model is excited by the pulse to the
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woight of the poiat mass, To associato tolerance levels with the DRI, the DRI was caleulated for
e existing ejection seat deaigne, Computed DRI values wore plotted againet tho porcentage of
ejections in which spinal injury oceurred; the curve thus obtained represents an approximation of
injury probability as a function of DRI,
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= . Both the simple oceupant model on which the DRI is based and the DRI itself are very limited in

_ application. The simple model could only be used for cases in which the loading is purely vortical,
b that is, + G, such as in ojection seats. It is obviously not upplicable to model a restrained ocenpant
.

under forward londs; in this case, the main effect is the combined stiffness of the restraint system
and the occupant’s pelvisichest. Even for +G, accelerntion, the model is difficult to use sinee
potentially significant effects are neglected, such as the effect of sent pan stiffness.

The DRI is based on a model which does not adhere closely to the actual dynamics of an ejection.———

Seat pan stiffness is not considered nor ie distribution of body mass along the spine nor the weight l

of the occupant. Thus the DRI can be expected to produce useful data only in crashes which are !
i

A

similar to a seat ejection—that is purely +G, nccoleration, seat panstiffness similar to the
atiffness of a fighter pilot's scat and the occupant tightly restrained

The U.8. Army's Aircraft Crash Survival Design Guide says of the DRI

“Although the Dynamic Response Index (DR ... is the only model correlated extensively for
ejection seat spinal injury prediction, it has serious shortcomings for use in accident analysis.
It assumes the occupant to be well restrained and erect, so that the loading is primarily
compressive, with insignificant bending. Although such conditions may be nssumed for
cjection scats, they are less probable for helicopter crushes, in which an occupant may be
leuning to either side for better visibility at the time of impact. Further, the DRI was
correlated for ejection pulses of much longer duration than typical crash pulses,
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"A more detailed model of the spinul column would yield more realistic results, but injury
criteria for the more complex responses have yet to be developed. Consequently, the DRI is
not recommended as the criterion for use in designing crnshworthy aeats.”

REVIEW OF PROMETHEUS Ul AND SOM-LA

The following discussion reviews and compares the 2-1) program PROMETHEUS 11 (ref. 8) and the
3-D Seat-Occupunt Model: Light Aircraft (SOM-LA) (ref. 7).

PROMETHEUS 111 was developed at Boeing in a series of applications for different purposes,
starting from the Dynamic Science program SIMULA. The focus of PROMETHEUS I, has been
op accurate modoling of tho oceupant and restraint system, PROMETHEUS I has since been used
extensively to develop data for assisting in engineering design decisions. SOM-LA development
was sponsored by the FAA through a series of contracts with various companies and universities.
Emphasis in SOM-LA development has been on the detailed seat model. An improved version of
SOM-LA, termed MSOM:LA was completed undos number D'TFA03-80-C-00098. The occupant
model has been upgraded in MSOM-LA.

DEVELOPMENT OF BASIS OF EVALUATION

Occupant-simulation using PROMETHEUS NI computor program har been doveloped and
demonstrated sufficiently to be used in the engineering design process. This experience is drawn
upon to establish criterin for continued evaluation of occupant-sintulation computer programa.



132

TTTER T WmRTE ST ST T rT TR e o Trm e s TrrTmTT

Denign questions for which PROMETHEUS I simulations provided enginecering data were quite
varied; the commeon denominator being relative occupant safety. Due in part to the limitations of
exinting human tolerance data, it ie rarely posaible to predict with cortainty whether injury would
have occurred in a given crash on the basis of o computer simulation. Similar questions may also be
unanswered in dummy tests. In most cases, computer simulation s the only practical method for
obtaining design data for specific questions, and on a timely bagis. To be usable for design, an
oceupant-simulation computer program requires two major ativibutes,

First it nust be able to model a general structure (not just a seat), and be able to model contact
between the occupant and any part of the atructure. (For example, impact of an occupant with the
acat ahond).

The second feature is that the program must provide data which may be used for estimating
comparative injury potential, This means that:

1. 'The program must have beon calibrated by predicting test data (preferably from live human
touts).

2,  Time historics of forces acting on individual body segments of the occupant model should be
printed and/or charted.

3. Time histories of torques acting in joints of the occupant (e.g., the elbow) should be printed
and/or charted.

4,  Time varying internal loads acting on flexible body segments (such as the lumbar spine)
should be printed and/or charted.

Of course, the standard software features relating to ense of program use are also desirable—that
is, ease of input, automatic data checking, legibility of output, and availubility of graphic aids.

COMPARATIVE EVALUATION OF PROMETHEUS 1i1 AND SOM-LA

Figuves 5.3, 5.4 and 5.5 constitute checklists of features needed for engineering design usaye of
occupant-simulation computer programs. Checklist items were obtained pragmatically from
experience in using PROMETHEUS I1I to develop design data. The amount of use of PROMETHEUS
1H justified incorporation of most checklist items into this program; consequently the lists serve
mainly to indicato desivable improvements in SOM-LA. The main improvement in MSOM-LA is an
improved seat, capable of modeling cnergy absorption. The occupant model has also been improved
by the incorporation of a flexible segment representing the lumbar spine,

The major “deficiency” in PROMETHEUS 1ii is that it has only been possible to perform limited,
exploratory calibration againat live human test data and for similar reasons limited exploration of
seat model dynamics. Added calibration of this type is desirable. A benefit of 2-D modeling is that
mechanisms within the 2-D PROMETHEUS Il model are easier for the analyst to comprehend
than those within a 3-I) medel, giving an advantage for initial use of a 2-D model in calibration
efforta. Other than development, which may be required to achieve such calibration, further niodel
evolution must consider limitations intrinsic to the 2-D nature of the model and distingunish the
conditions for using a 2-D or a 3-D model. Of course, current uncertainties in the level of human
tolerance to transient loads are a constraint that must be observed for cither 2-D or 3-1) models.
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Figure 5.3-Comparison of Program Input Features
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Figure b.4-Comparison of Program Output Fealtures
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According to the SOM-LA developer, Dr. David Laananen, this feature does not work in SOM-LA but does in
MSOM-LA.

Preliminary calibration accomplished.

Figure 5.5-Comparison of Basic Modsling Features
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SOM-LA could benefit from both human data calibration and model improveent (from the standpoint
of usefulneas for engineoring design). There are two major modeling deficiencies — the restraint
system model and the difficulty of modeling nonstandard seats nnd structure. Both represent difficult
maodeling problems in a 3-D environment, and methods developed to simulate these features in the
2-1) PROMETHEUS [1I computer program can not be readily generalized to three dimensions.

SOM-LA has a very primitive restraint system model. Restraining belta are pinned to the body, so
realistic modeling of a restrained occupant is impossible, SOM-LA also has limited flexibility in the
type of restraint system which may be modeled. Nonstandard configurations, such as restraint
systom with crotch or thigh straps could not be simulated. In addition, harness friction is
implemented incorrectly (friction is crudely and incorrectly simulated by reducing tension in the steap
segment running from lap belt to shoulder by 12%). Another serious defect is that chest
compressibility {which effects shoulder harness loads) is not modeled.

Accordingly, this simple restraint system model is inadequate for engineering design use for
evaluating restraint system performance. It introduces uncertainty into predicted body loads and
accelerations, since dynamic performance of the restraint system is one of the primary sources and
conduits of transmission of crash loads to the occupant.

The second major SOM.LA deficiency is the limited simulation of structural configurations. It is
possible that more generality is available in MSOM-LA. In addition, it is desirable that MSOM-LA be
capable of simulating contact between the occupant and an arbitrary structure (e.g., the back of the
seat ahead). This finite-element “contact problem” is difficult and is the subject of current research
(e.g., ref. 9),

In addition to these research improvements, several improvements would enhance usability of the
code:

1. Calculate and display time histories of loads acting on the occupant (e.g., spinal loads,
segment forces, joint torques).

2. Improve the algorithm for compugation of joint torque.

3. Add printer plot “snapshots” of seat and occupant for credibility and for appraising occupant
lacation at selected times {two views) for comparison with slow motion movies.

INCORPORATION OF SOM-LA INTO LARGE CRASH DYNAMICS CODE

It may become necessary to predict dynamic interactions of occupant and floor structure. Simple
predictions may be possible with SOM.-LA. Action hps been started within the government to
combine the 3-D SOM-LA with a large finite-clement computer program (e.g., the 3-D DYCAST) in
order to model an aircraft crash in a single simulation to more properly couple the dynamics of
occupants and aireraft structure. To accomplish this, it is suggested that the occupantivestraint
model be extracted from the SOM-LA occupant/restraint/seat model and packaged as a super-
element. The occupant super-element would then be ingerted into the large finite-clement programa
as a module. Although, as noted, improvements in the SOM-LA restraint system model are needed to
model occupant dynamics accurately. The existing SOM-LA occupant/restraint system model would
probably be adequate for the purposes of calculating the gross dynamics of the seat aystem.

The finite-element code would be utitized to model the seat — that is, the SOM.LA seat model would
not be used. (This presumes the development of a general contact model to simulate forces acting




between the seat and occupant.) The contact model would be used to simulate seat cushions. This
concept has three advantages:

1. Simulation of multiple occupants becomes possible {e.g., n “triple” seat).

2. Synchronization of the numerical integration schemes (i.e., the procedures for solving the
equations of motion as function of time) in SOM-LA and the finite-element program is not
required. The integration scheme of the finite-element program is utilized for both oceupant(s)
and structure.

3. The capability of the finite-element computer can be employed to model general seat designs.

It would be possible to use the large finite-element program to model the occupant, The advantage of
the super-element is that occupant modeling requires featurea that are not needed in general finite-
element modeling of structures, such as limits on angular motion of limbs at jointa, Moreover,
occupant modeling is specialized, and correct mechanical parameters describing the occupant are
not widely known (in some cases supportive data = not known at all and parameters must be
inferred by parametric sensitivity testing). Thus it wod be difficult fora nonspecialist to construet an
accurate model,

Additional effort would be required to make the occupant super-element work; provisien for
tranamitting input data to the super-element and obtaining printout of detailed occupant time histories
i required. In addition, graphics output from the finite-element program (if graphics post processing
is available) must be adjusted to draw the occupant(s) in addition to the structure.

The same procedure could be used to lift the 2-D occupant model from PROMETHEUS 111 if a 2-D
crash simulation were employed. However, there is little benefit to be obtained from vsing such a
model in an overturning or cartwheeling light aircraft where violent interactions of all three dimensions
of motion would be occurring.

HUMAN IMPACT TOLERANCE

In simulating the crash of a vehicle with human occupants, either by actual test or computation,
the capability of estimating the degree of injury sustained by the occupant is highly desirable,
Various scales have been proposed for this purpose and these are evaluated. below. At present,
skeletal fracture tolerances provide the best means for predicting injury (including head injury).

Human injury is & vomplicated biological process; causative physical mechanisms are often not
well understood, and consequently, traditional engineering methods are difficult to apply.
Physiological changes are also known to occur in response to crash loading (e.g., change in pulse
rate), further complicating analysis.

To fulfill the researcher's need to quantify injury, a number of injury scales have been devised.
These scales are based on clinical data or physical measurement, such aa, head acceleration history.
These scales are generally intended to estimate physiological trauma rather than skeletal damage,
The better known of these scales will be described.

A note of caution is appropriate at this point; currently existing injury scales represent some form
of empirical correlation between injury and measured quantities. Correlation is not directly based
on the mechanism which actually causes injury; rather, statistical correlation with parameters
considered likely to be implicated is eatablished. Use of an injury scale outside the conditions for
which correlation was established is risky. Moreover, there is always uncertainty in the accuracy of

the basic data since injury data cannot be developed from experiments with live people, but must
be inferred from cadaver or animal tests.
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Differences between individuals further complicate matters, Dospite these limitation, injury scales
provide a method for asacssing injury in a crash simulation. Such scales provide a rational
{although poasibly inaccurate) meane for compariny simulation results.

In contrast to physiological damage to organs, prediction of skeletal injuries ie amenable to
ordinary engineering methods. Mechanical propertice of bone have been determined
experimentally. Standard engineering analysis techniques might be employed to determine the
extent of bone damage in a particular situation. Although there are differences in bone strength
and size between individuals, and live human bone cannot be tested, extensive theoreticnl
knowledge of structural dynamics permits much greater confidence in the accuracy of such
computations than in the accuracy of injury indices.

Bone damage is only part of injuries, and not necessarily the moat serious part, Concussion, for
example, can oceur without accompanying skull fracture. Moreover, the accuracy of engineering
analysis of the skeleton depend upon accurate computation of forces acting on the skeleton, such
as restraint system and contact forces. Contact forces are particularly difficult to obtain, since the
contacting portion of the human body generally has irregular geometry and the mechanical
properties of the bone, flesh and contacted structure all interact to determine the dynamically
varying force acting on the skeleton. Occupant-simulation models discussed herein (e.g.,
PROMETHEUS I1I, SOM-LA) do not model the skeleton in sufficient detail to accurately predict
bone fracture. However, structural loads are calculated in these programs (e.g., lumbar axial load),
and these provide a rough measure of the likelihood of skeletal damage. Chapon (ref. 10} gives an
excellent summary of experimentally determined fracture loads.

Injury scales can be grouped into three classes; (1) scales based on clinical evaluation of actual
injuries, (2) “whole-body” scales, and (3) scales developed to predict a particular type of injury.

The first group of scales is intended to quantify clinical diagnoasis of the injuries sustained by a
particular person. This provides a yardstick for comparing the severity of injuries occurring in
different accidents even though the injury mechanisms may be quite different. Such scales are
necessarily subjective; their main use is in accident investigation. A well known scale of this type is
the Abbreviated Injury Scale (AIS), as defined in reference 11. Obviously, scales based on clinical
diagnosis are of very limited use to the modeler.

Whole-body tolerance scales are based on empirical observations, sometimes including the results
of animal testa, These scales attempt to assess “survivability” based on a gross description of the
impact deceleration pulse using parameters such as peak deceleration, duration of deceleration and
onset rate. A difficulty in using published whole-body scales is that authors often do not
distinguish between peak deceleration and average deceleration (which may of course, be quite
different). These scales refer to the crash load delivered to the seat, and do not directly consider
occupant/restraint system response. Separate scales are available for different loading conditions
{e.g.. Gy, -Gy, G,), but no provision is made for combined loading (such as simultaneous -Gy and G,
deceleration). Whole-body scales might be useful in early preliminary aircraft design; they are of
no uee in detailed occupant models such as PROMETHEUS i or SOM-LA,

Injury scales in the third group are intended to estimate damage of a particular type. DRI is an
example of this type of scale. The DRI is intended to predict injury to the lumbar spine during
vertical (G;) accelertion.

CONCUSSION SCALES

Several widely publicized scales in the third group with potential for use with occupant models are
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designed to predict concussion. The mechaniam causing concusaion is not well understood,
although there has been extensive investigation, It is known that concussion can result from either
linear acceleration (e.g., from head impact) or else from rotational acceleration (i.c., whiplash). To
date, most investigations have focused on either linear or rotational acceleration. Combined
effects have also boen investigated, but data is scarce.

CONCUSSION CAUSED BY TRANSLATIONAL ACCELERATION

A widely used meunsure of human tolerance to linear acceleration is the Wayne State Curve (WSC)
(fig. 5.6 and ref. 12). The WSC predicts that acceleration pulse magnitude is more important than
pulse duration in causing concussion.

The following description of derivation of the WSC is paraphrased from Hodgson, et al. (ref. 13), The
basic experimental work on which the WSC depends was a atudy of concussion on mongrel dogs
(vefs. 14 and 16). Deceleration pulses of systematically varied magnitude and duration were applied
to the brains of 72 dogs, and a concussion tolerance curve for the species was then obtained. It was
postulated that the same curve shape would be valid for humans. Cadaver skull fracture data was
employed to determine the shape of the human curve for pulses less than 10 ms in duration (clinical
experience indicates that concussion normally accompanies skull fracture). The long pulse end of
the WSC (duration greater than 100 ms) was estimated from acceleration aled rides of Stapp and
other volunteers {ref. 16). The intermediate range of the curve was estimated from cadaver drop
tests onto automobile dagh panels.

It should be noted that data on which the WSC is based utilize a single acceleration pulse; multiple
blows are not used and influence of pulse shape is not considered. Moreover, the shape of curve is
not well supported by experimental evidence for pulse durations greater than 10 ms.

Newman (ref. 12) reports, regarding the Wayne State Curve, “The validity and usefulness of this
tolerance curve have been questioned on a number of grounds including:

1. “The ordinate’s effective acceleration was poorly defined. Patrick, et al. (ref. 17)*, had
stated: The ordinate is Effective Acceleration which is based on a modified triangular pulse
in which the effective acceleration is somewhat greater than half the peak value. Therefore,
triangular or sinusoidal pulses of equal area and higher peak magnitude are in accord with
the experimental evidence from which the Tolerance Curve is derived.’ Later (ref, 18) it was
stated: ‘Effective acceleration is computed by dividing the area under the acceleration time
record by the time. A judicious analysie of the geometrical shape of the curve is important.
For instance, high amplitude spikes of short duration (less than 1 millisecond) should be
disregarded.’ More recently, (ref. 19) effective acceleration has been equated exactly to the
time averaged acceleration over the duration of the pulse.”

2. “The head impact data is not applicable to blows othor than those to which the experimental

animals and cadavers were subject. To quote Gurdjian, et al. (ref. 20); ‘It should be pointed
out, however, that care should be taken in using a tolerance curve of this nature, It is entirely
possible that a curve of the same shape, but having different valucs for the acceleration
magnitude, could very well be shifted up or down depending upon the point of impact and the
blow dircction.’ Staluaker, et al., (refs. 21 and 22) have confirmed that there are significant
differences in the response of human and monkey heads to lateral and longitudinal impacts.”

3. "Becuuse the WSC was based on measured acceleration time histories of a point on the head

essentially oppuosite the forchead blow location; skull vibration may have had a significant
effect on the apparent head acceleration. Hodgson and Patrick considered this question in

* Reference nunmbers have been converted to correspond to the numbering sequence of this
document.
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1968 (rof. 23) and it is now customary to use two biaxial aceelerorneters mounted to the side
of the hend (ref, 13). As suggosted by Mertz (ref. 24), assuming rigid-body mechanics, the
acceleration of the center of gravity of the head can then be determined.

4.  “The WSC has nover been verified for living human beings, although recent indirect offorts
through accident simulation (ref. 26) have been attempted.”

Several injury indices have been suggested based on the Wayne State Curve. These are the Head
Severity index (ref. 26), the Head Injury Criterion (refs. 12 and 27) and the J tolerance (ref. 28). All
three tolerances agree roughly with the Wayne State Curve for short duration frontal head
impacts (i.e., 10 ms duration, half sine wave shape). The criteria give different resulta for multiple
pulses or irregular pulses, and the relative merits are hotly debated. However, little clinical
evidence is available to indicate whether any of the scales (or indeed the Wayne State Curve) is
valid for these conditiona.

The widely used Swearingen diagram of acceleration tolerance of the facial bones (figure 5.7 and
ref. 29) actually represents fracture data under dynamic loading. The acceleration tolerances given
should be multiplied by the head weight to obtain fracture tolerance. Thus the fracture tolerance
of 30 G given for the nose meana that the nose will fracture when the nose is struck with sufficient
force to impact 30 G acceleration to the whole head, which would be a force of 300 1bs., aseuming a
ten pound head weight. It does not mean that whenever the head is accelerated to 30 G (e.g.,
through whiplash) that nose fracture occurs.

CONCUSSION CAUSED BY ROTATIONAL ACCELERATION

Concussion can be induced by head acceleration pressure in contrast to impact loads; a tentative
eatimation of human tolerance to rotational acceleration was made by Omaya, et al. (ref. 30). A
tolerance curve was experimentally determined for rhesus monkeys, and the human tolerance
curve was inferred from monkey curves by scaling the acceleration axis by r2/3, where r is the ratio
of the weight of the rhesus monkey brain weight to the human brain weight (fig. 5.8). Omaya, et al.
stated that additional experimental confirmation ia required before use of the curve is justified. As
far as can be determined, no confirmation data has been published to date. Thus figure 5.8 must
remain tentative, -

STRUCTURAL MODELING COMPUTER PROGRAMS
INTRODUCTION AND RECOMMENDATION

Impact dynamics of a real crash involving complicated structural deeign are too complex for
manual analysis, however, modeling methods offer an eventual capability that could provide a
simulation of all dynamic interactione.

Simulation may be by analytical models, scale models, computer models, and full-scale tests in
order to provide both observation of complex interactions and a rational basis for the sequencing
of events, loads, and modes of failure.

Numerous computer simulation models, in particular, are being developed for use in simulation
evaluations. Some are being developed for support of preliminary design studies, others for more
sophisticated uses. The four main classes of models that are used include:
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Figure 5.7 - Summary of Maximum Impact Forces on a Padded Deformable Surface
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Figure 5.8-Cerebral Tolerance to Rotational Acceleration for Rhesus Monkeys
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Generalized apring mass models
Frame-type models
Hybrid models

Finite-element models

Spring-mass madels and frame modcls use a very simple model of the structure to estimate cresh

behavior, Frame models differ from spring-mass models in that beam elements are employed in

modeling, in addition to springs and point masses. Hybrid models use static test data in

conjunction with a spring-mass model or frame model to predict dynamic behavior of a structure,

Finite-element approach uses more formal approximation approaches for more discrete definition
of structural representation and properties. Finite-element models tend toward increasing

complexity and computational cost. However, none of the modeling procedures is totally free of
testing requirements and analytical judgment. The reason is the extremely complex process for

vehicle structure deformation under crash loading, which involves:

1.

2.

3.

4,

Transient, dynamic behavior
Complicated framework and shell assemblies —
Large deflections and rotations

Extensive plastic deformations

A number of computer programs have been developed to simulate nonlinear dynamic response of
structures. These programs are categorized as “hybrid” and “purely mathematical finite-element

-models.” Brief descriptions of some of these programs are given, and three of the programs

(KRASH, DYCAST and ADINA) are evaluated in more depth. It is concluded that none of the
programs has all needed feaiures,

HYBRID V8, PURELY MATHEMATICAL

Workers investigating the behavior of structures in crash situations often categorize analysis
methods as “hybrid” or “purely mathematical.” A definition of these terms is given in Winter, et al,
(ref. 31).

“Hybriz. — A combined experimental and mathematicul method, such as the lumped
mass/spring method, in which the structure is divided into a number of relatively large
sections or assemubliee that are usually idealized as beam/springs whose deformation
characteristics are found from static deformation tests or separate engineering analyses.
Structural mass is lumped with nonstructural masses at the beam ends, and the equationa of
motion of the mass pointa are solved numerically.

“Purely mathematical—Aa in the finite-element method, in which structure is divided into its
individual natutal components (beams, stringer, skin panels, etc.) which are then subdivided
into appropriate structural units called elements. The deformation characteristics of each
component are calculated theoretically from its material stress/strain curve and its changing
shape and position in the structure. The structural mass is placed at nodes at each element
boundary and is therefore distributed throughout the structure. The equations of motion of
the elements are thern selved numerically.”
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Hybrid technique permits use of simpler, less expensive atructural models. A hybrid model is
particularly useful when many simulatione of the same structure are to be made, Occupant models
in occupnnt crash simulation (.8, PROMETHEUS 11T, SOM.LA, Articulated Total Body (ATB)) are
almost alwaya hybrid models--for examplo, the lumbar spine is represonted na a single beam
rather than an assemblage of vertebrne, dises, and lignments,

In fact, purely mathomatical methods require considerable engineering judgement, even art, to use
successfully; the distinction between hybrid and purely mathematical is more nearly a matter of
dogreo than a real distinction.

Resenrchers in the field note that both approaches are necesssry. Hayduk, et al. (ref. 32) conclude,
after comparing the hybrid program KRASH with the purely mathematical finite-element
programe ACTION and DYCAST:

“A hybrid computer program (KRASH) and two finite-element computer programs (ACTION
und DYCAST) have been used to analyze a section of a twin-engine, low-wing airplane
subjected to a 8.38 m/s (27.5 ft/s) vertical impact. A vertical drop test experiment was
performed at the NASA Langley Impact Dynamica Research Facility. The results of the
analyses demonstrated the capability of all three computer programs to quantitatively
simulate the significant dynamic response of aircraft structures under impact loading.”

“Because of the variation in complexity of the KRASH lumped-masa model (177 DOF
(degrees of freedom)) and the ACTION (336 DOF) and DYCAST (493 DOF) finite-element
models and solution methods, there were two orders of magnitude difference in analysis cost.
Consequently, the lumped-mass hybrid approach should be used in conjunction with the
finite-element approach, the two approaches complementing each other. The lumped-mass
hybrid approach can be used to evaluate gross vehicle response, deaign trends, structural
design and impact parameters studies, and gross energy dissipution. The finite-clement
approach should be used for analysis of designs where the detailed behavior of individual
components are critical, for obtaining detailed loads required for input to other analyses,
such as a lumped masa-hybrid technique or an occupant simlulator, and for detailed stress
analysies in sizing of structural componenta.”

Cronkhite, et al. (ref. 33) agree with the Hayduk conclusions. Cronkhite states:

“Computer analysis mothods are still being verified for metal structures, while composites
will need special treatment because of their low strain-to-failure characteristics. At present,
both the hybrid (KRASH) and finite-element (DYCAST) structure crash analysis methods are
needed. The hybrid type of analysis is uweeful for preliminary design analysis and for
pararivetric studies of the entire airframe. The finite-element unalysis method has the
potential for detailed structurs analysis directly from drawings and may be used to develop
inputs to the hybrid type of analysis. The main problem with a hybrid method is obtaining
structure inputs to the coarse math model. Finite-element methods, being a8 complete
analysis, need validation by test.”

DESCRIPTION OF NONLINEAR DYNAMICS COMPUTER PROGRAMS
Crunkhite, et al. describe some of the many computer programs which now exist:
“Numerous simple-capability hybrid simulations ure available (refs. 34 through 39, for

example). Of these, the two most notable programs are those authored by Herridge of the
Battelle, Columbus Labs and by Gatlin et al. of Dynamic Science, Inc. The work done by

;
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Herridge and Mitehell was directed toward automobile crash inapact, while that done by
Gatlin, ot al., examined the vertical impaet of a helicopter fuselage. This Intter progran
(callod CRASH) simulates the fusclnge s rigid masses c-anacted by nonlinear axial and
rotury springs in a predotormined  arrangement. Both of these simulations are two-
dimennional,

»Of the intermedinte-capability programs, the most advanced and perhaps the most widely
used hybrid simulation is KRASH by Wittlin and Gamon (refs. 40 and 41). KRASH utilizes n
“ 1) arbitrary framework of point musses connceted by beams to simulate the fuselage
gtructure. The remaining intermedinte-capability programs use finite-eloment computer
codes and includo Shich's work {ref. 42), CRASH by Young (refs. 43 and 44), and UMVCS by
Melvor, ot al, (rof. 46). Shieh idealizes the structure os & 2-D array of beams with yielding
confitied to the plustic hinges at their ends, while CRASH and UMVCS use 3-1) models of a
framework composed of rods and beams. UMVCS could also be considered a hybrid because it
requires test datadinput to define the moment rotation curves for the plastic hinges at the
beam ends.”

“The detailed crash simulntions are all 3-D finite-cloment codes with the capability of
modeling stringers, beams, and structural surfaces such as skins and bulkhead panels. The
four codes currently available are WHAM by Belytschko of Northwestern University
(ref. 46), WRECKER by Welch, et al., of Hlinois Institute of Technology (ref. 47), ACTION by
Melosh, et al., of Virginia Polytechnic Institute of Technology and State Univeraity (vef, 48),
and DYCAST by Pifke, et al., of Grumman Aerospace Corporation (ref. 49 and H0). WHAM
currently can be used to idealize a structure which contains only isotropic material, It uses
partly internctive yiolding: i.e.. the effect of shear stresses on plasticity is neglected.
WRECKER contains the same formulations s WHAM but also has the added convenience
features of graphics and restart. ACTION also has partly interactive vielding, and it can be
used only with n structure constructed with isotropic materials, Additionally, ACTION also
contains an internally varied time step with numerical error controls, DYCAST cau idealize a
structure constructed of orthotropic material, Its features include fully interactive yielding,
internally varied time steps with error control, restart, and graphic output.”

A summary of the nsscssment of these specific crash simulutions is given in table 6.2 (from
Cronkhite et al., rof. 33). Note tiat the hybrid codes do not account for collapse or failure under
combined loads becnuse the crash data inputs are derived from tests with a single load. All of the
finite-element codes exceps Shieh’s can account for multiple-lond compoenents. The crush test cin
furnish the hybrid computer codes with data to analyze orthotropic laminates and core-sandwich
panels, while only DYCAST of the finite-clement codes can analyze an orthotropic material.

None of the evaluated finite-element codes cian currently analyze a core sandwich, WRECKER is
the only one of these codes which will necount for strain rnte effects in o logicu! way. by
determining the local strain rate and adjusting the stiffnesses. All the hybride can account for
joint failure and crippling because these offects are part of the crush test duta.

The program ADINA (ref. b1) has capabilitics similar to DYCAST and will also be considered.

DESIRABLE ATTRIBUTES IN CRASH SIMULATION COMPUTER PROGRAMS

Three basic attributes are considered in evaluation of cragh-simulation computer programs—
technical capability, “permanence,” and ease of use.

The moat obvious attribute needed by a crash dynamics program is technicnl capability — the
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Table 5.2-Computer Crash Simulations Assessment

\
ltam Hybrid Finite Element 3
v : Plastic collapse and crush All All T
with-combined loads None All except Shieh's :
1
Material failure All Noneg 3
with combined loads - .~ ... . None Nong i
Skin & bulkhead All WRECKER, WHAM, i i
{Poorly) ACTION, DYCAST l ‘
- Anisotropic lamines with All DYCAST 3
corad sandwiches All Noneg '
Beam cross-sectlion deform. All None
(crippling}
Joint deform. & failure All None j
Strain tale stiffening Kamal WRECKER ’
Herridge 1
With local variations None WRECKER i
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program should be capnble of modeling both elastic and plastic material behavior, and also be able
to handle large structural deformation including buckling.

The ubility to simulate impact in a general way in also very desirable. A general interference model
would permit investigation of phenomena such as plowing, in which changes in the nireraft
geometry during impact can modify the cheracteristics of contact between the aircraft and ground
which in turn can change the sliding reeistance of the ground. In the models investigated herein,
contact can be modeled only if the general behavior of the contact is known in advance, i.e. parts of
the structural model which contact and direction of contact.

Lack of a general purpose contact model in crash simulation codes investigated herain could be r
gserious drawback.

From the standpoint of a user, the permanence of a code is important. Permanence means that
someone with a vested interest is looking after the code so that someone is available to answer
questions and also some asaurance that the code will not soon become obsolete through neglect of
theoretical advances (which are happening rapidly in the field of computer simulation of structural
dynamics).

Almost as important as the theoretical annlysis capability of a program is its ease of use. Important
features in this category include:

1. Thorough checking of input data for errors, and well designed error messages which pinpoint
the error, help the user understand what is wrong, and (when appropriate) indicate probable
corrective action. For example,

“Error—Singular ¢. -obian” is a very unenlightening error message.

“Krror—element 27 is badly distorted. Check sequence in which nodes are specified” is much
more useful.

9. *Grace under fire” — From time to time it is almost inevitable that a computer program will
encounter a situation in which the computation cannot proceed. This can occur through errors
in the input data which are so subtle or difficult to detect that normat error checking of the input
data misses them, or through limitations in the theory on which the analysis depends. It is
important that the computer program recognize this situation when it occurs and print enough
diagnostic information that the user can figure out what went wrong. If the program stops in the
middle of the computation without providing good diagnostic information, the user can waste
daye tracking down (often by trial and error) the error.

3. Well organized display of computed data. The output must be legible and complete.

4. Availability of graphics aids. In finite-clement programs, the large volume of data needed to
describe the structure and the (larger) volume of information computed for the structural
analysis make automatic plotting of both the input data (i.c. the nodes and clements) and the
computed data (e.g. time history information) mandatory if a program is to be used s an
engineering tool.

Ease of use is usually not considered in evaluations of crash simulation programs, probably due to
the evaluations being made by (or in close coordination with) the program developers rather than
by a disinterested party.
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Program efficiency has been deliberately excluded from consideration. A meaningful definition of
officiency is nearly impossible to obtain. The cost of running a problem is not a good measure since
it depends not only on the computer used, but also on the method by which computaticn costs are
reckoned at the particular installation, Moreover, advances in computer design continually reduce
computation cost and also change the relative importance of use of different resources (e.g.
central, processor time, disc access, etc.} Error checking, considered to be highly cost effective,
would be inefficient by this measure since it would increase computation cost of a particular run.

COMPARISON OF KRASH, DYCAST, AND ADINA

Three computer programs were selected for review. KRASH and DYCAST were selected based on
the recommendations of Cronkhite et al.:

“The major conclusions of this inveatigation on computer crash simulations for advanced
material applications are:

1.  There is no satisfactory single existing code
2.  Hybrid codes are theoretically incomplete
3. Finite-element codea currently lack sufficient advanced material capability

“The recommendation for current crash simulations on advanced materials is to use KRASH
with applicable crush test data for preliminary parametric studies and gross evaluations. For
a detail design, DYCAST can be used for analyzing orthotropic laminates. However, this code
is still under development and has not yet been experimentally verified. It is not currently
possible to perform an extensive detailed design evaluation of a structure with sandwich-core
construction. This type of construction holds promise for increased energy dissipation with
advanced composites.”

The computer program ADINA (Automatic Dynamic Incremental Nonlinear Analysis) was

selected, hased on in-house experience with the code of the analysis of cracking/crushing for

concrete structures under large, transient loads. Features of the three codes are summarized in

table 5.3.

KRASH

In their review of KRASH, Cronkhite, et al. reported:

1. "The KRASH analysis was found to be a useful tool for studying effects of various impact
conditions and parameter variations on the overall crash-impact response of the airframe,
whether the airframe is of metal or composite construction.

2. *"There is excellent documentation and correlation of the KRASH program (refs. 62—56).
These documents should be useful to anyone working in the area of structure
crashworthiness and simulation whether or not the KRASH program itself is nsed.”
“KRASH has many useful built-in crashworthiness features, such as:

¢  Energy summaries

s Occupiable volume change and penetration
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Table 5.3-Comparison of Program Input Featuros

Characteristic Types
{note 1)

KRASH

OYCAST

ADINA

Element Types
(T

TRUSS
BEAM

rigid tinks

TRUSS
BEAM

3D memhranas

3-D solid

Core-Sandwich
plate

TRUSS

BEAM

2-D plane
stress, plane
strain

3-0 membrane
{plane stress

2-0 Axisymmetric
shell or solid

3-D0 solid
thick shell

Thin shell
2-D fluid

sbL s AU BB IR

3-D fluid 1

linear ortho-
tropic elastic-
plastic

Material Model Curve linear orthotropic
elastic, non-linear 4
elastic,
thermo-elastic
elastic plastic
(Von Mises

or Drucker-
Prager yield,
thermo-elastic-
plastic-creep
{Von Mises
yield), Mooney-
Rivlin Material,
concrete model, ¢
user defined
Isotropic

or Kinematic
hardening.,

Mass Model (T) Lumped Lumped or

2 Lumped or
- consistent

consistent

Geometric Nonlinearity | yes yes yes
(1)

.
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Table 5.3-Comparison of Program Input Faatures {Concluded)

s e o e ekt ok s il

{haracteristic Types KRASH DYCAST ADINA
(note 1)
Integration Method Euler Newmark , Newmark,
(T) predictor- Wilson, Wilson,
corrector Central Difference | Central Difference,
fixed time Modified Adam all fixed
step/predictor-
corrector/time step
variable time step
{except central
difference)
Plot capability
time history of
displacements, no yes no
velocities (note 2)
accelerations
(u)
Deformed Structures no yes no
(V)
Special Crash Output
enerqy
distribution yes yes no
Structural c.q. yes no no
computes occupiable yes no no
vo lume
(v)
Dccumentations
Theory manual (U) Complete not available on complete
single document
User manual Complete pre?iminary complete
(V)
Size of user community | small very small large

(U)

Notes:

(1) The symbols (T), (U) and (P) used in the characteristic column indicate
the type of feature; T refers to Technical capacity, U refers to user
convenience, and P referrs to “permance" - the likelihood that the program

will be maintained.

(2) Plot capability for ADINA is being developed by ADINA's authors,
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e Automatic rupture of elementa

¢« DRI and man model

s Friction and plowing

e Sl

s Sloped surface impact
“Because of the coarse mathematical representation of the structure, the major problem with
performing a KRASH analysis is involved in the ‘art’ of modeling and obtaining structure inputs to
the program.”
Cronkhite, et al. found a number of errors in the KRASH code and weaknesses in the analysis, as
well as an inconvenient input scheme, some FORTRAN coding errors that were discovered are the

following;_ .

1.  “The printer plot routine contained erray dimensioning errors that occurred randomly when
plotting element loads and relative deflections.

2. “No input for external crushing springr coused all material properties to be zeroed out.

i

2. “Maximum external spring load after bottoming out wus internally set to ten times the load !;
just prior to bottoming out which in some cases did not slow the vehicle down. This has since R
been fixed by making the cutoff load ten times the maximum load used before bottoming out.

4. “The damping coefficient for beam elements remains a constant value even through the .
element stiffness has been reduced by the stiffness reduction factor KR. The damping should ‘_
also be reduced by the same factor ae the stiffness.” '1

“For engineers accustomed to user-oriented structural analysis digital computer codes, such as
NASTRAN, the input to KRASH seems cumbersome. A preprocessor to help convert NASTRAN
input data to KRASH input may partially solve this problem. This would also facilitate user
training on the KRASH program.”

Cronkhite et al. recommended a number of corrections/improvements be made to KRASH,

1. “Because the airframe structure often fails locally at a weak spot, a plar*ic hinge element for
the interna! structure modeling is needed, Also, scalar springe would be useful for modeling
seats and main rotor pylons.

2. "The uscr should be allowed to apply arbitrary boundary conditions to the model.
3.  *A 12 by 12 direct input matrix option would essentially allow substructuring.
4. "KRASH now uses a fixed-time step integrator. A variable time step procedure should be

employed to improve run times. Also, an implicit integrator such as the Newmark-Beta .
- method should reduce run times as well a8 improve numerical stability.

,!I
&

*A rigid body motion analysia for impact such as rollover where no significant atructure
response occurs for long pericda of time would greatly reduce solution times.

g
|

— "
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6. “Damping should be added to the external springs.
7. *The stiffnesa reduction features (KR) should apply to element damping as well as stiffnesa.
8.  “Input improvements
*  Add descriptive names to identify data types
*  Allow arbitrary mass point numbering by user
*  Develop a NASTRAN to KRASH input preprocessor
9. “Add structure plotting capability — deformed and underformed.”
DYCAST

Cronkhite, et al. reported: “This demonstration of DYCAST as a crashworthiness design analysis
tool pointed out its usefulness while indicating some need for improvement. The main items in this
assessment are:

1.

“Gross dynamic behavior was displayed, including overall structural deformation and
motions of critical masses,

“Detailed dynamic response was shown in the deformations, strains, stresses, and loads on
individual structural components for metals and orthotropic composites.

“Detailed structural modifications were indicated by noting overloaded components and
equipment attachment points and showing action of the energy absorbers.

“Computational costa were acceptably moderate, using 1.9 CPU minutes per problem-time
msec for 471 degrees of freedom, while the restart feature permitted small time segments to
be run in sequence without tying up the computer.

“Immediate improvements needed are rebound from the barrier surface and automatic
failure criteria, which are now being implemented.

*Future developments nceded are the addition of a core-sandwich plate element (for
honeycomb and other cored structural components), output of occupant decelerative injury
parameters, and calculation of energy consumption and distribution.

"Test verification is a very important need to explore the range of applicability and
accuracy.”

It is significant that Cronkhite is apparently satisfied with the DYCAST input scheme and does
not report any analysis or coding errors. Some of the recommended improvements have since been
made.

ADINA

The ADINA program has been developed by Dr. Bathe at the Massachusetts Institute of
Technology (ref. 51). There is an active user group which holds regular conferences regarding
ADINA engineering applications. ADINA has dynamic-analysis capability roughly equivalent to
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DYCAST, but in addition has static-analysis capability (linear or nonlinear) and can perform eigen
valuefeigon vector calculations, A noteworthy featurz of ADINA ia tho extensive checking of the
input data for errors and the relatively complete set of crror messages flagging errors which
develop during exceution, for example, singularity of the stiffness matrix. The major deficiencics
are the input scheme, which ia “fixed field” and relatively difficuit to locats individual data items
in, and the lack of a variable time step numerical integration scheme.

Existance of an active ADINA user group is a significant asset, and a user without continuous need
for nonlinear dynamic analysis should give ADINA serious consideration based on this alone.
Existence of the user group assures that assistance will be available to extend or recheck an
analyais at a later date.

SUMMARY

There is agreement between researchers in crash dynamics that both the hybrid approach and the
purely mathematical finite-element method are needed at the current level of technology. Cronkhite,
et al. note the inconvenience of coping with multiple input schemes.

Since the hybrid and purely mathematical finite-element analysis methods are comnatible and, in
fact, very similar, consideration should be given to developing a single package coinbining the best
features of both approaches. There are two advantages. First, the user, who will likely i2ed both
methods to solve his problem, will need to become familiar with just one program. Secondly,
combined analysis becomes possible; a detailed finite-element model can be used for one part of the
structure (e.g. a seat) while another portion of the structure could be modeled more simply with
hybrid elements whose static mechanical properties are obtained by static test. In principle, the
static test could be simulated by the purely mathematical code; in practice, more validation of the
purely mathematical codes is needed before this is practical.

A deficiency in all these models is the lack of a general purpose contact element to model collision
between two or more parts of the structure. In existing programs, contact can be modeled only by
connecting elements, e.g. springs, between contacting surfaces. This entails anticipation of every
collision which might occur and each individual specification of the contact element together with its
mechanical characteristics. Reference 56 describes an experimental general purpose contact
model, which might be developed into a practical contact element.

TEST TECHNOLOGY

A review of crash tests has been conducted to ascertain the status of test technology. Tests include
full-scale nireraft and some components. Test objectives, instrumentation, and test methods are
discussed. In addition, some static tests applicable to structural crashworthiness are reviewed.

Programs to test full-scale aircraft have been conducted by NASA, the FAA, and the U.S. Army
over the last 30 years. These programe have treated small propeller.driven transports, general
aviation light aircraft, and helicopters. During this time, testing technology has advanced,
particularly in the areas of instrumentation, data acquisition, and processing.

Seats, fuel cells, and landing gear have been tested statically and dynamically in development and
certification testing to design crash loads. In addition, as a part of research programs some
substructures have also been tested.

The purpose of crash testing has been to aseess crashworthiness, level of crash loads, crash
responee of the aircraft, and crashworthiness performance of design modifications, More recently,




as analytical methods have evolved, some tests have also had the collection of data for verification
of analyscs as an objective.

In the material presented below, selected teats are presented as representative of e technique. The
test methods in some cases have been quoted from the reports and in other cases have been
summarized.

FULL-SCALE PROPELLER.DRIVEN TRANSPORTS (Test Track Method)

Early crash tests by NACA of full-scale World War II vintage propeller-driven aircraft (refs, 57
and 58) had determination of crash loads and effects of crash parameters on these loads as an
objective. These tests were part of a crash-fire study and utilized the test facility developed for
that program.

Aireraft were propelled along a track, gear sheared off, and then impacted a shaped earthen
barrier to simulate impacting the earth. Angles of impact up to 30° at apeeds of about 100 mph
were obtained. Floor accelerations at various stations along the fuselage were measured. In
general, the aircraft impacted the shaped barrier in the vicinity of the cockpit. This type of test is
representative of a flight into obstruction where the obstruction is an earthen mound. Some tests
were performed to simulate the effect of hitting trees with one wing to produce a ground loop.

Acceleration data were obtained with instrumentation and processing equipment representative of
the late 1960s. Due to differences in aircraft structure, crash energy levels, absence of analytical
tools, and to the small amount of data en the crash performance, the test data have limited
application to commercial jet transport. However, the data are of historical value and do provide
some insight into crash loads. Further they served as models for later testing.

In 1964, the FAA conducted two crash tests of complete aircraft. A Lockheed L-1649 (ref. 59)
transport aircraft and a Douglas DC-7 (ref. 60) were tested using methods similar to the NACA
tests. In these tests, instrumented seat installations end dummies with seat restraints were
included. In addition, high-speed camera coverage of the aircraft interiors was provided. Floor and
dummy accelerations were measured.

Instrumentation problems due to test equipment acceleration environment on the DC-7 resulted in
the loss of much of the acceleration data for that test. In addition, the DC-7 almost overran the test
range, illustrating problems of controlling the test vehicle during crash impacts.

While these testa provided some good crash loads data, particularly for the seat/occupant, the
value of the test data would have been enhanced by the availability and application of analytical
methods to the data. Lack of such methods has limited the application of the crash loads to the test
conditions for the type ef aircraft.

FULL-SCALE CRASH TESTING OF GENERAL AVIATION AIRCRAFT (Swing Test
Method)

Full-scale crash testing is performed at the Langley Impact Dynamice Research Facility (refs. 61
and A2). This facility is the former Lunar Landing Research Facility inodified for free-flight crash
test - 2 of full-scale aircraft structures and structural components under controlled test conditions,
The basic gantry structure is 73 m {240 ft) high and 122 m (400 ft) long supported by three seta of
inclined legs spread 81 m (267 ft) apart at the ground and 20 m (67 ft) apart at the 66 m (218 ft)
level. A movable bridge with a pullback winch for raising the test specimen spans the top and
transverses the length of the gantry.
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Test Method

The airernft is suspended from the top of the gantry by two awing cablea and is drawn back above
the impact surface by a pullback cable. An umbilical cable used for data acquisition is also
suspended from the top of the gantry and connects to the top of the aireraft. The teat soguence is
initiated when the aircraft is releasod from the pullback cable, permitting the aircraft to swing
pendulum style into the impact surface, The swing cables are separated from the aircraft by
pyrotechnics just prior to impact, frecing the aircraft from restraint. The umbilical cable remains
attached to the aircraft for data acquisition, but it also separates by pyrotechnics before it becomes
taut during skid-out. The separation point is held relatively fixcd near the impact surface, and the
flight path angle is adjusted from 0° to 60° by changing the length of the swing cable. The height
of the aircraft above the impact aurface at release determines the impact velocity which can be
varied 0 to 26.8 m/s (60 mph) The movable bridge allows the pullback point to be positioned along

the gantry to insure that the pullback cables pass through the center of gravity and act at 90° to
the swing cables,

To obtain flight path velocities in excess of 26.8 m/s (60 mph) a velocity augmentation method has
been devised which uses wing-mounted rockets to accelerate the test specimen on ite downward

swing. Two Falcon rockets are mounted at each engine nacelle location.and provide a total thrust
of 77,850 Newtons,

Instrumentation

Data acquisition from full-scale crash tests is accomplished with extensive photographic coverage,
both interior and exterior to the aircraft, using low-, medium-, and high-speed cameras and with
on-board strain gages and accelerometers, Strain gage type accelerometers (range of 260 and 750 g
and 0 to 2000 Hz) are the primary data generating instruments, and are positioned in the fuselage
to measure accelerations both in the normal and longitudinal directions to the aircraft axis.
Instrumented anthropomorphic dummies (National Highway Traffic Safety Administration
Hybrid II) are on board all full-scale aircraft tests conducted at Langiey. Restraint system
arrangement and type of restraint used vary from test to test.

Data signals are transmitted from the aircraft spscimen through an umbilical cable to junction box on
top of the gantry. From the junction box, the data is transmitted through hard wire to the control room
where the data signals are recorded on FM multiplex recorders. In order to correlate data signals on
the multiplex recorders with external high speed motion picture data, an IRIG A time code was
recorded simultaneously on tie magnetic tapes and on films. There is also a 60 Hz time-code
generator with the onboard events recorded with the cameras, A Doppler radar unit is placed
approximately 60 m behind the impact peint to obtain the horizontal velocity of the aircraft,

At the time the data ia being recorded, the data passes through a 600 Hz low-pass filter. The data on
the magnetic tapes are then digitized at 4000 samples per second. Digitized accelerometer data is
then passed through a finite impulse response filter and filtered as follows:

1. Dummy head 600 Hz (unfiltered)
2. Dummy chest 180 Hz
3. Dummy pelvis 180 Hz
4. Beat 20 Hz
5. Floor structure 20 Hz




o il -4
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Motion picture anslysis consista of plotting a displacement-timo curve from the film data and fitting
loast square pelynominal functions (up to tenth order) to the measured displacements and then twice
differentiating tho diaplacemonts to obtain accelerations, Accelorations thus obtained compare very
well with the filtered accclerations,

COMPONENT TESTS USING CATAPULT_METHOD

Theso tests (ref, 63) are not designed to bring the cabin environment up to the limits of survivability,
but they are designed to expose the fuel tank location to a destructive environment.

Crash tests were performed at the National Aviation Facilities Experimental Center {NAFEC)
catapult facility. A compressed-air catapult was used to accelerate the test aircraft along a 90-foot
track. At the end of the catapult stroke, the aircraft, which was pulled by its nose gear, was
released to impact an earthen hill of 4° slope. At the base of the hill, a 12-in. by 12-in. I-beam was
inatalled to break off the aircraft's landing gear. The nose gear was strengthened to withstand the

catapult pulling force, while the main landing gear mounting bolts were sawed in haif to effect an .

easier separation from the wings. Spoilers were installed along the upper wing surface to keep the
airplane from flying. At a distance of 10 {t from the I-beam, poles were sunk into the hill to a depth
of 18 inches. These poles were spaced symmetrically off the centerline of the hill, at 42 inches and
108 inches each. The poles were hollow mild steel tubing, 4.376-in. outside diameter, 0.188-in. wall
thickness and were 10 ft in length. Small rock piles were located on the hill to further increase the
severity of the crash condition. There are no standards in general use for a crash site as is used in
this type of test; hence, the selection of the type of poles, rocks, and hill were selected to produce a
destructive environment to the fuel tank location. The crash site was intended to be at least as
severe as a crash at an airfield involving airport structures such as approach lights.

In all tests, the aircraft main tanks were filled with water. Accelerometers, CEC type 4-203-001,
were installed on the floor of the aircraft at the longitudinal center of gravity location (station
126). Accelerations in the vertical and longitudinal direction were recorded on an oscillograph, The
data were filtered at 90 Hz,

DYNAMIC SEAT TESTS (Sled Test Method)

The testing of seats to eimulate dynamic crash loads has been conducted by the U.S. Army, CAMI,
NADC, NASA, and the seat manufacturers. The Army, following the recommendations of its Aircraft
Crash Survival Design Guide, has had helicopter and light aircraft seats dynemically tested as a
requirement for specification compliance. These tests have been conducted at the CAMI facility or
by Simula, Inc. These test programs have served as development tools in uncovering unanticipated
weaknesses in design details and generally have resulted in an improved crashworthy seat for the
Army application. The Army test requirements include provisions for applying the test impulse with
the floor in a pre-warped position. While these conditions may represent limiting cases for the Army
usage, the heavier commercial jet aircraft construction may preclude warping to the degree required
by the Army.

The CAMI facility (ref. 64) uses a sled test vehicle on a horizontal track to carry the seat and
occupant (anthropomorphic dummy), The sled is graduelly accelerated to & velocity and is abruptly
decelerated by energy absorbing wires to apply the test impulse. Variation in orientation in
mounting of seats permits loading in the desired axis. This procedure has been refined and
generally gives good test results.

Test Procedure

Two impact orientations were used in these tests. The first, corresponding to Test 1 of
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MIL-S-58095 (AV) (ref, 66), produced combined downward, forward and lateral loads on the seat.
The second providea forward and lateral loads on the seat and corresponds to Test 2 of
MIL.-8-58095 (AV). Both tests used a floor warpage fixture which rolled the left seat track 10°
outboard and pitched the right seat track 10° down, corresponding to the floor buckling and
warping conditions required for static tests under MIL-S-58096 (AV). An Alderson CG-95
anthropomorphic dummy, S/N 500, weighing 224 lbs furnished for these tests by the Naval Air
Development Center (NADC), simulated the sest occupant. The dummy was clothed in acrylic knit
pants and shirt for these teata. Shoes were not used, Triaxial clusters of accelerometers were
located in the dummy's chest, on the seat pan, and on the floor fixture. Strap load tensiometers
were placed on the shoulder belt and lap belt webbing. Because of the design of the restraint
system, there was no free webbing on which to locate the tensiometers, so that each tensiometer
was in contact with the dummy as well as the webbing. Since this may introduce error in the data,
the webbing load data presented in this report should be used with caution. An accelerometer was
also mounted on the sled to provide reference data for adjusting the impact pulse. Unless
otherwise noted, sled and floor data were filtered in accordance with Channe! Class 60 (0-100 Hz)
seat and dummy accelerometers in accordance with Channel Class 180 (0-300 Hz) and tensiometers
in accordance with Channel Class 600 (0-1000 Hz) of SAE J 211b.

All tests were filmed on instrumentation cameras operating at 500 or 1000 frames per second.

TEST/SIMULATION PROGRAM OF STRUCTURAL COMPONENTS (Drop Tower
Method)

This program (ref. 66) called for crash testing and analytical simulation of helicopter structural
compenents and correlation of the results.

The primary objective of this activity was to provide a validation of the analytical techniques for
helicopter crashworthiness design developed to date and as improved in this program. There was
also an interest in gathering basic crash response data that could be used directly in design or as
input to analytical procedures.

A nose section of a CH-47 helicopter from station 160 forward was used as the basic structure. A
forward tranemission and rotor head assembly were installed. Two crew seats were installed in the
cockpit; a standard CH-47 seat at the pilot location and & crashworthy crew seat at the co-pilot
station, Each seat contained a dummy which approximated the 50th percentile aviator. Total
weight of the specimen complete with seats and dummies was 3800 pounds.

Instrumentation

Types of measuring devices used in this test were accelerometers, strain gages, and deflection
indicators.

In addition to % 100 g accelerometers some + 600 g shock accelerometers were used in areas where
high acceleration levels were predicted. These were used to overcome previous problems where
high g levels caused circuit saturation resulting in excessive zero shifts with long-term decay
characteristics.

Five 100 g accelerometers (CEC 4-281-001) and five +50 g accelerometers (PCB Piezotronics
Inc., Model 302A) were mounted at selected locations, Three deflection indicators were mounted at
selected locations. Indicator tubes were attached to the floor and passed through the roof of the
specimen, Eight strain gages were installed on selected structural elements. All gages were
unaxial. An additional strain gage was installed on the crashworthy crew seat vertical colunmn.
All data were recorded on magnetic tape using an FM wide-band IRIG recording system,
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Hoisting equipment was adjusted prior to the tost to provide a nominal pitch attitude nt rolease of
0° and a drop height of 17.3 £t to givo an impaet velovity of 33.3 ft/s. Roll and pitch attitudes wore
ulso wet to 0°, Four ropes were attached to the specimon to limit to 46° any posterash rotation
about the pitch and roll axes.

,_' s Black and white moviea (1600 pps) wore rocorded at threo locutions and provided three views: a
) reat view of the specimen, an oblique view from the right vear and another obligue view from the
left front.

- . A 400 pps color movio camera was svt to view the crashworthy crew seat through the left side
copilot door opening of the cockpit. Additionally, two 24-pps movies wero taken at approximately
the same locations na the two 1600-pps cameras positioned obliquely to the specimen.

Of the 10 accelerometers used, all provided good data for the inital impact phase of the test.
Subsequent to initial impact, at time 0.06 second, one sccelerometer signal was lost due to
collapsing structure of the atation 96 bulkhead pinching a wire between the atructure and the edge
of the mounting plate for the crashworthy crew seat. This resulted in signal loss from the
accelerometer mounted on the crashworthy seat-mouating plate. However, the data obtained up to
the time of signal losa is acceptable and covers the major range of intercst for a test of this type.

Three deflection indicators were mounted in the test specimen, These were to provide time-history
records of the displacement of the specimen’s crown relative to the floor, and also to give a post-
teat indication of the plastic deformation that cceurred.

By using the pretest dimensions of the specimen in conjunction with the post-test gross deflection 5
indications provided by a rubber grommet sliding on each indicator tube, it is possible to determine ]
the maximum elastic and plastic deformations that occurred during the crash sequence.

Unfortunately, only one of the deflection indicators provided acceptable deflection time-history
data; the other two suffered from poor wiper contact and possible wire binding and stretching.

A total of nine uninxinl gages were installed, eight at selected locations on the structure and oneon
the vertical attenuator of the crashworthy crew seat. Some of the gnges were in areas where severe
structural damage occurred reanlting in gage failures, zero shifts, and generally unacceptable data.

The strain gago acceptability limitation is the manufacturer’s recommended 1.6% strain value for
room temperature conditions.

Test Conclusions

This test provided reasonably good initial impact data for all accelerometer channels without
obvioualy extreme zerv shifts or early loss of signal. The modified circuitry and uso of 600 g
accelerometers for recording impacts of this magnitude shows a marked improvemoent over the
resuits obtained for test numbers 1 and 2.

s et ikt st A o

The selected impact velocity provided sufficient eacrgy to cause failures of many of the structural
elements without causing excessive collapse. It ia apparent that a greater impact velocity would
have resulted in excessive structursl collapse and rendered the teat unrepresentative of a
survivable crash,

The atrain gages suffered from the effecta of adjucent structural failures rendering the data of

questionable value in some instances. In fact, it is proving to be extremely difficult to solect

positions for the atrain gages where useful data is obtained and adjacent structural failure does not 1
OCCAr.
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In n teat where limited instramentation capability exists, it is considered that the use of more
aceelecometors and loss strain gages may prove to bo more cost effective in providing datat suitable
for correlation with analytical resulta.

The defloction indicators ngain did not perform well, with only one providing a defloction time-
history. It appears that the problem s due to poor wipor action in conjunction with stretching
wire; future tosts will incorporate a stronger wire matorial such as piano wire. Such an installution
will posscss a lower clectrical resistance value but it is considered that an adequate recording
system exiats to accommodate this. Additionally, the generation of a continuous signal without
wipe chatter will enhance signal recording.

It was unfortunate that.the high speed movie films were spoiled in development since a botter
understanding of failure sequences may have been obtained for the primary structural elements.

However, overall structural damage and recorded data provide a good set of-information for
correlation with computer aimulation results,

STATIC TESTS..

Static tests provide useful data on the crash performance of structures where the inertia loads due
to the local structural mass have a small ef ‘ect on the crash response. Some examples of this are
fuselage structures in shear action, lower fuselage structure in crashing action, and seat structure
under floor displacement and occupant loads. The inelastic load carrying capability of skin-
atringer, columns, and torque box sections for large deflections may aiso be obtained from static
tests, These data are useful in hybrid simulations in validating detailed structural models, and in
assessing design performance of some componenta.

Static tests, while avoiding problems of dynamic data acquisition, do have problems of
maintaining load magnitude and direction, and valid boundary conditions during large deflections.
Internal loads usually cannot be obtained by strain gages as strain gages fail at the large
deflections of intereat. However rapidly recording load cells and deflection gages may yield valid
force-deflection curves for the loading condition,

These techniques have been used successfully in the Army-sponsored atudy and in the NASA
General Aviation research on floor structure. Some further development of the methods might be
expected as additional testing is performed.

IMPACT TEST FACILITIES

Impact test facilities suitable for research and development crashworthiness testing of structural
subsystems and of complete sircraft have been reviewed. The review is confined to representative
major government facilitics,

Crash testing of commercial jet transports, or even structural components involves engineering
problenis of acale which have been overcome in past testing but now take on a new dimeasion. For
the 707 the fuel load weighs 72,498.2 kg, the wing tip-to-tip span is 44.42 m, and the ground tu fin
tip distance is 12,94 m. Extension of past test methods to the commercial jet will require
ingenuity,

Table 6.4 identifics the test faci‘ities and shows approximato test capabilities. Regarding existing
facilities, full-scale teating of commercial jet transport aircraft may be conducted at Dryden Research
Center. The FAA Technical Centor improved catapult will have the capability to tost small jot
transports like the 737, DC-9, and the F-28.
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With regard to testing of substructures and components, NASA Langley, the FAA Techuical Conter,
nnd CAMI fucilities may be used, The CAMI facility is designed for testing seat/oceupants,

Animportant part of test Cacilitios is availability of adequate instrumentation and data acquisition
equipment At a minimur, the data system should be able to record accelerations of £ 750 K at
frequencies of 600 Hz. At least 24 channels of this type data should be availsable. The current NASA
practice of pasaing the data through a 600 Hz low-pase filter prior te recording may be restrictive for
stiff substructures. Also high frame-rate (5000-10,000 pps) photographic coverage should be
available. At least three cameras are needed to record the structural response. A system for
accurately indexing the phaotographic records to the electronic instrumentation is necessary,

ASSESSMENT OF TEST CAPABILITIES FOR JET TRANSPOKRTS

Based on the above discussions, assessments may be made of test capubility, test method dnta,
systems, and test facilities needed to conduct the research and development programs, The
purpose of these test programs is to increase the knowledge of the crash respanse of the complete
aircraft and components. In order to be effective, such testing must provide engineering results in
much greater detail than that currently obtained from accident investigations,

Test Methods

Much research is required to develop test methods. With regard to testing of complete nircraft, the
only carryover from previous testing is the 1.1649 and DC-7 tests, which apply to the ground to
ground scenario. To test the air-to-ground and the flight-into-obstruction acenarios, remote piloting
techniques to control crash conditions, and reliable onboard data acquisition techniques are
required.

Regarding component testing, some carryover from previous testing pertains to the testing of
seat/occupant/restraint syatems. While methods of testing for individual seat units have been
developed, there are many problems yet to be resolved. Of particular concern is the varintion in
results between what might be expected to be similar tests. Reference 65 shows & factor of
approximately 2 in lap-belt loads that is attributed to the use of different types of dummies. The
Army is concerned about this problem and is conducting a series of testa in which the same type of
seat and identical dummy is tested to the same conditions at NARDC, CAMI and Simula, Inc. (ref.
67). The results of these tests are to be compared in an attempt to resolve the differences being
observed,

In addition, the interface between seat track and support structure needs definition. For light
aircraft and helicopters, deformations of one tirack relative to the other is usually recommended.
For transport aircraft with deep floor beams, it is not clear that such relative deformation is
obtainable or representative of crashes. In addition, the input acceleration pulse is yet to be
determined. Such questions as how many seat units or how much floor structure are necessary to
adequately simulate crash conditions are unanswered. Should load pulses be combined, phased,
and/or applied in sequence? How do restraint systems perform under such conditions and what
occupant should be represented?

Similar problems exist in testing each of the other components. In particular, how are crash loads
to be reacted at the test-specimen boundaries in: order to cause the structure to simulate the crash
dynamics of an accident? For inatance, how much fuselage must be tested in simulating the 2ir-to-
ground scenario? The ground-to-ground ecenario? Are wing reactions necessary? Further, does the
nature of the crash response change aa a function of crash initial conditions?
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To answer the kinds of questions present above, correlation between component teating and
complete aircraft tosting is necessary. Also, validated analytical methods are needed to extend test
results to regions where testing is impractical and to correct results where crash boundary
conditions cannot be matched.

Data Systems

Data acquisition and processing systems developed for the NASA/FAA general aviation program and
the CAMI seat program are sufficient to start test programs. However further development. of
improved high ghigh frequency accelerometers is needed. In addition reliable displacement
measuring devices are needed for dynamic deflection and spring hack measurements.

In the area of photography, methods of obtaining good quality high frame-rate (5000-10,000 pps}
pictures in the crash environment are needed to record detailed structural behavior. Research into
low-light-level television and methods of computerized picture enhancement and data extraction
could greatly increase the data obtained and reduce data reduction time.

Teet Facilities

Complete aircraft testing appears feasible at the Dryden Crash Test Range and at the planned FAA
Technical Center catapult. Instrumentation at both facilities is open to question. At Dryden, onboard
data systems are supplemented by telemetry used for flight tests. The telemetered data are of a low
frequency and of dubious value. Technical Center catapult data system has not been defined to
date.

The CAMI seat test range appears adequate for near term testing of individual seat units. Testing of
larger groups of seats and substructure may require testing in other facilities. Other components
might be tested in the assorted catapults, drop tower, and swing towers depending on the problems
of simulating the crash.

ASSESSMENT OF IMPACT RESISTANCE TECHNOLOGY

Current impact resistance design technology is based on the lessons learned from accident
experience. Technology is continually being improved to reflect the latest experience. From these
lessons, experienced engineering design practices have evolved. These practices have developed a
high level of impact resistance in the current commercial jot transport fleet,

The deeign technology haes shortcomings in that most crash response mechsnisms are unknown.
There is a lack of quantitative methods for engineering analysis. There also is a lack of definitive
crash loads. This has led to comparison of designs to existing capability. While this process has been
puccessful where & data base exists, there is concern for new configurations and advanced
materials application for which no accident data base exists.

Test mothods for complete aircraft and for structural components need development. The most
recent transport aircraft crash test was in 1964 with limited results. Jet transport structural
component testing to simulate crash conditions needs development. Size and initial conditiona of
such testing introduces a new set of test problems. Adaptation of existing facilities and the
development of new facilitics needs research, Existing test facilities and methoda could serve as a
starting point for a test program.

Existing analytical methods are research tools. Many programs have technical shortcomings for
crash simulation and are not completely validated, but if validated could contribute significantly
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to test planning, prediction of results bused on atate-of-the-art knowledge and theory, and
posterash data analysis for complex interactions, Model techniques and structural data bases to
support crash simulations for both acructural components and complete aircraft needs
development. Further, the programe need modification, both to make them user oriented before
they can become engineering tools and to reduce the large cost of analyses,

For seat/occupunt modeling the programe have reached a more advanced stage of development
than the structurce analysis programs, However, more complete representation of the occupant
and surface contact would permit better simulation of occupant response. Probleme exist in
relating the analytical output to human injury.

As.an overview, the problems have been defined and some analytical and experimental methods
and facilities are available, It appears that the ingredients for research and development program
exist. With the advent of advanced aircraft the impact response problems take on added

gignificance,

RESEARCH TO IMPROVE CRASHWORTHINESS TECHNOLOGY

Requirements for research and development effort that will result in improved technology for
crashworthiness engineering of commercial transport aircraft are presented. The required
technology is discussed in terms of disciplines. Problem areas for current and advanced transport
aircraft are identified, and areas of research and development are discussed.

REQUIREMENTS FOR IMPROVED TECHNOLOGY

Based on the mssessment of the current state of technology four goals must be achieved to
significantly improve crashworthiness engineering for commercial jet transport aircraft.

First, definition of the survivable crash environment is required. This definition should include
crash loads and displacements for each scenario. Rational relationships between the crash loads
and displacements and the range of initial conditions with various hostile environments should be

established.

Second, an understanding of the crash response mechanisms of structural components and of
complete aircraft in theee scenarios is required. The effects of factors influencing these

mechanisms must be understood.

Third, validated analytical modeling and test engineering methods must be developed. These
methods should be capable of treating structural components, occupant response, and complete
aircraft. Further the methods must be usable in engineering applications.

Fourth, human factors and injury mechanismse for commercial transport occupants must be
defined. The relationships between engineering quantities such as acceleration pulses, impact
loads and displacements, and occupant injury are necessary to provide adegquate levels of occupant
protection.

Achievernent of these four goals will permit detailed engineering of crashworthiness to a level not
now available. Improved technology will permit design considerations affecting crashworthinese
to be treated on & more rational basis and to more fully participate in the design process. Further,
as advanced design concepts and materials are considered, crashworthiness requirements may be
more fully anticipated than in the past.




CRASHWORTHINESS DISCIPLINE

“Mature” crashworthiness technology might be envisioned as five major areas of activity. Each of
theso aveas leads to the quantification of crashworthiness paramoters and understanding of crash
phenomena in order that protection for occupants might be improved,

The five areas of activity are shown in figure 5.9. The areas are defined to the third level of detail.
It is expected that technology will evolve as the program progresses,

DATA BASE

Data base activity treats the collection and maintenance of data germane to structural
crashworthiness and occupant protection,

The data base has been divided roughly into four categories: crash statistics, scenario refinement,
performance norms, and human factor dats. For the most part, the activities under each of these
categories are self evident and in many instances represent an extension of ongoing efforts and of
studies conducted herein.

With respect to the establishment of survivable crash initial conditions, more applications of the
work of Wingrove et al. (ref. 68} in conjunction with the NTSB could improve the definition of the
crash conditions. Accurate definition of the initial conditions could enable accidents to be used in
simulations to better define the environment in scenarios. Such results would augment the data
from crash testing full scale aircraft.

To assist the NTSB in developing structural data for crashworthiness from accidents, an
investigation team of research and engineering-oriented people from government is proposed. This
team would inspect selected accidents to obtain data on the crash performance of structural
systems. It is recognized that a high level of cooperation between the NTSB and the team must
exist for such an endeavor. However, the increase in the amount of engincering data from
accidents could be substantial.

Human factors area needs better definition. Considerable attention has been directed toward
occupant injury mechanisms, However, with improved structural and occupant modeling,
interactions between occupant and the restraint system and with the surroundings may be studied
for improved design. Of particular importance is the development of a relationship between
engineering parameters and occupant injury, Improved definitions of occupant modeling
parameters such as apring constants, damping ratios, and kinematics should be developed for
simulations and for anthropomorphic dummies.

METHODS AND FACILITIES

The methods and facilities area is concerned with development and validation of snalytical and
experimental methods, test facilities, and simulation techniques.

Current analytical programe such as KRASH, DYCAST, and MSOM-LA shonld be kept up to date
and extended. Updating relates to modern program architecture to reduce consumption of
computer resources and to facilitate user application, Further, with the advent of more powerful
computers, existing codes should be rewritten to reflect these advances.

Extension of the analyses should more accurately depict the behavior of the structure, Occupant
models should be extended to pruvide for 3-D responee and for multiple occupanta in a seat unit.
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For instance, the inclusion of accurate modeling of seat structure and restraint harness in
occupant modela to depict the interaction between occupants and structure.

Structural programs should be extended to permit accurate representation of fluid pressures in
fuel tanks undor sudden accelerations for the tank rupture problem. Where multiple failure modes
are posaible, heuristic logic may be incorporated in the coding to permit the dynamic response to
follow “minimum enorgy” paths. These types of approaches may even lead to using the computer
to optimize the model while processing the data.

Development of modular analysis systems that permit the analyst to usc only the modules
necesaary for the solution of problem at hand is needed. While it is desirable to enhance the
capability of the analysis system, it should not be necessary to drag all these additional features
into the computer for every problem. For instance, if one is analyzing floor structure only, then
modules and storage for occupant response or hydrodynamic forces may not be needed. Efficient
use of computer resources is a must.

Analytical methods and models for simulation of boundary conditions needs to be improved.-
Current programs introduce loads into the models through springs or through fixed boundaries,
Accurate representation of this process is necessary if detailed simulated structural behavior is to
be achieved.

The level of validation achieved for the analytical tools will affect the usefulness of the tools for
engineering purposes. Hence, every effort is needed to improve fidelity of analytical results in 1
gimulating the crash response of structure. Experience and supporting data for modeling that will
extend the applicability of analytical methods and develop confidence in engineering application are
needed.

Crashworthiness test method research and development is separated into four areas:
instrumentation and data processing, dynamic procedures, static procedures, and scale modeling.
Effort in these areas is needed to improve current techniques to better represent crash conditions,
to permit the study of structural subsystems, to acquire data for hybrid simulation, and to allow the
use of scale models for testing large aircraft or components.

While a crash may have a duration of many seconds from initial impact to final arrestment, the critical

deformation of structure may occur in milliseconds. This amall time imposes severe sampling i
requirements on instrumentation. Current test data contains errors due to accelerometer drift,

coordination of events, and to processing problems. Further, definition of actual response may be

incomplete. Deflections should be dynamically measured to properly account for the sequence of

failures and the effects of spring-back. In addition, the instrumentation must be sufficiently rugged to

withstand the crash environment and atill function properly,

A a

Research and development is needed to improve the measurement of accelerations, velocities, and :
deflections under test conditions. The application of laser techniques should be investigated.
Photography is particularly difficult and efforts to extend the coverage to high-frame rates is needed.
Picture enhancement procedures developed for space exploration may have application.

Further effort is needed to handle the vast quantities of information obtained in a test and to present i
this information in a readily digestible format. This is particularly true of photographic data. ‘

1
Dynamic test procedures may be separated into complete aircraft testing and structural i
i

subsyatems tests. Methode of teating complete aircraft are complicated simply by the scale of the
model. The up-coming test of the 720 sircraft in 1984 will suggest further areas for development.
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Procedures for tosting structural subayatems need further development. Current test mothods for
testing seata/occupant/reatraints have provided good data, However, these methods are litited in
model size, und in the crash pulse, which may be simulated. In addition, the construetion and
intrumentation of occupant models still raise many questions, In many respects, these problems are
facility related,

Somie testing of structural subsystems has been accomplished on fuel tanks and fusolage sections
for small aircraft. Those tosta Lave been limited in diroction of impact loads and in size of the test
specimen, Extension of these methods to other subsystems and to a more complete range of load
conditions requires effort, Further, the proper represontation of structural houndary conditions
and ofcxternal loads is needed.

Static test results have been found to be useful in obtaining input data for simulations involving
some lightweight, highly stiff substructures. Methods for conducting these types of tests need
development. In particular, methods of applying loads statically to simulate the dynamic load
distribution are required. Further, a method of maintaining the applied loads and their directions
through the large structural deflections is needed.

Scale modeling for crash teats to provide data at reduced costs and in a timely manner should be
investigated. While scaling laws for crash testing are known, limitations on the method need be
developed particularly with regard to model details und for orthotopic materials such as
compogites. Problems may exist with regard to ply thicknesa and fabrication methods for these
materials.

FACILITIES

It is expected that as crashworthiness research and development progress, extension of existing
facilities will be required. For some types of testing new facilities may be needed. A part of the
total program is updating of existing facilities and development of new facilities.

As some facilities already exist in the FAA, NASA, the military, and industry, a team approach to
facilities development should be used. An overview committee of interested parties should provide
goals and policy for expansion and development of the necessary facilities.

SIMULATION TECHNIQUES

Methods of simulation need development. Methods of modeling to use analytical tools and of
testing, to identify crash response, need to be developed to levels suitable for engineering
application. Various approaches should be verified and_walidated. As better methods are
developed, this information should be made available.

COMPLETE AIRCRAFT TESTING

Crash testing of complete highly instrumented aircraft i3 divided into three areas: identification of
crash response mechanisms, structural subeystem performance, and advanced concept evaluation.
Each of these areas is treated below,

Complete aircraft testa are required to identify the structural crash response mechanisms
including the interaction of various subsystema. Included in this area are evaluation of crash loads,
structural response, acceleration environment, and scenario definition.

Crash loads and acceleration environment will provide data for comparison with calculated values,
These data, in conjunction with data derived from accidents, may be used to assess the adequacy of




crashworthinesa for complete aireraft, Structural response will provide deflection, failure mode,
and sequence data useful to the assessment of engineering methode such as simulation and
medeling. Further, it may be used to evaluate and refine crash scenarios.

Structural subsystem crash performance may be obtained in the complete nircraft test. Loads
experienced by the subaystems may be obtained for comparisons with design values and for use in
subeystem testing. Failure modes and sequence may be obtained including effects of interaction
with other subaystems. Energy absorption characteristics of the subsyatem may be asecssed and
the adequacy of its crash performance may be assessed,

Complete aircraft tests should also be used to evaluate advanced crashworthiness concepts. For
instance, applications of advanced materials or energy absorption designs for various subsystems
may be assessed, Effecta of such components on crash loads and environment may be evaluated.

As part of this testing, the contribution of the various subsystems in reducing the fire hazard and
in protecting the occupants may be evaluated. Further, the fullscale crash tests afford
opportunity to refine the definition and relate crash loads and displacements to scenarios.

STRUCTURAL SUBSYSTEMS

Research into the crash behavior of structural subsystems consists of both analysis and test.
Emphasis is placed on treatment of subsystems because the subsystems must perform their crash
funetion in order to achieve crashworthiness for complete aircraft. Further, it is in detailed
mechanisms of failure that engineering changes may be affected. In addition, in testing the
subeystem, detailed-crash response of the subsystem may be better measured than from complete
aircraft testing.

The potential for improved crash performance for structural systems has been assessed to provide
some guidance for the planning of a research program. The potewntial for improved performance is
assessed relative to the cragh function. On this basis the assessment in table 5.5 is presented.

The rating potential for improved performance is given in relative terms; C being good potential, B
being better, and A being best. These ratings are subjective and do not reflect the difficulty in
advancing the technology. It is expected that some ratings will change as the research and
development program progresses.

Analytical research treats the methods of modeling the subsystem to depict detailed crash
response. Subsystems of immediate intevest are wing tankage, seat/occupant, floor/seat/occupant,
and fuselage sections, In thie endeavor, the full power of analytical programs may be used to
represent the structure in detail. Results of these analyses ehould be validated with subsystems
tests. Computer programs may be assessed for technical deficiencies and simulation techniques
may be developed for engineering application.

Testing of structural subeystems will permit identification of detailed failure mechanisma and
sequences of events in simulated crash conditions. In addition, these results may serve as a basis
for comparison for the evaluation of advanced concepts. In many instances, representative metal
structure suitable for testing may be obtained from overaged transports being retired from service,
Further, such structure specimens are within the test capacity of some existing facilities.

Advanced material applications for some subsystems may also be tested as a part of the metal
specimens. As the applications advance, new specimens may have to be fabricated.
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Subaystems should be tested over a range of initial conditions compatible with those used for
complete aireraft,

ADVANCED CONCEPTS

Rescarch and development for advanced crashworthiness concepts includes arcas of new
materials, energy absorbing applicationa, and a general category called “construction concepta.” It
is anticipated that as crashworthineas technology is developed and s new structures and materiuls

technology is applied to aircraft design, advanced concepts may be necessary to provide occupant
protection in crashes.

The new. materials arca is concerned with developing technology for understanding failure
mechanisms, and for increasing impact resistance and energy absorption characteristica of these
materials, principally composites. The effort treats materials at coupon or small specimen level,
and deals with effects of hybrid materials, ply orientation, ete.

Fire resistance of advanced materials should be investigated in both small specimens and in
structural components, Methods of improving burn characteristics should be svaluated, Structural
performance of these components in the presence of crash heat pulse should be understood,

Energy-absorbing applications are concerned with seats and immediate occupant surroundings and
with “parasitic” materials/devices introduced specifically to provide energy absorption. An

example of the latter is crushable material app.ied at the underside of the fuselage to provide
energy absorption.

Construction concepts are concerned with effects of application of the advanced materials to
aircraft details and components on the crashworthiness of aircraft configurations. At this time,
the crash response of aircraft primary structure made with new materials is unknown. It is
conceivable that historic crash functions of the aircraft subsystems may have to be modified in this
process and new strategies for protection of occupants devised.
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6.0 CONCLUSIONS AND RECOMMENDATIONS

One hundred and fifty-three jet transport accidents have been studied in depth. The status of
structural crashworthiness technology has been raviewed. Conclusions resulting from these studies
are presented and discussed. Based on these conclusions, problem arcas relating to commercinl
tranaport are identified for future resenrch and developmont. Finully, a rescarch and development
program is recommended,

When considering all the commercial air transportation system safety related problem areas it is
belioved that the most aignificant reduction in fatalitics can be achieved by eimply reducing the
number of accidents. No significant technological breakthroughs are required to achieve this goal. In
section 2, it was shown that approximately 76% of the commercial jet aircraft accidents have been
attributed to cockpit crew factors, Therefore, research and study of these factors in arcas of cockpit
design, system design, and crew human factors should receive major emphasis.

Another safety-related problem area is the airport environment. Studies of ground traffic control
aystems and ground operation procedures should be directed toward elimination of. collision
accident. The severity of muny veer-off and overrun accidents could be substantially reduced if
hazards on and around the airport were eliminated.

Current commercial jet transport aircraft possess a high level of crashworthiness. This is due in part
to stronger structure, less volatile fuel and improved design methods. Design methods are
continually being improved based on knowl~dge gained from accident experience. It is desirable to
continue this improvement of existing designs and to retain their beneficial characteristics as future
designe using advanced materials and concepts are developed. To achieve this will require
substantial advances in structural crashworthiness technology.

CONCLUSIONS OF THE STRUCTURAL CRASHWORTHINESS. STUDY

First, the greatest potential for improved survivability in commetvial jet transport aircraft accidents is
in the area of fire related fatalities. Research relating to prevention of fuel fire merits the highest
priority. Time is a eritical element associated with escape when a severe fuel fire exists outside the
aircraft or when the aircraft is sinking in deep water, If flame and amoke enter the fuselage passenger
area immediately after the aircraft comes to rest, the probability of escape ie reduced substantially.
Retaining fuselage integrity and delaying entrance of amoke and flame is essential if survivability is to
be enhanced. Debris and obstructions that hinder movement of persons on the escape route cause
delays that reduce the probability of survival. Consequently, factors that would increase the available
time for egress or reduce the time required for egress is essential, Fuel additives as in the anti-
misting kerosene program, rupture resistant fuel tanks or cells, and structural improvements to
protect fuel tanks and occupants should be subjecta of research.

Second, structural integrity of fuel systems, fuselage, and lending gear are leading candidates for
improved crashworthiness. Structural integrity of fuel systems is a key factor in prevention of
postcrash fire. Integrity of the fuselage contributes to the reduction of fire related fatalities by
preventing or delaying the entry of fuel, fire, and smoke and by maintaining egress routes. Main
landing gear that are more tolerant to off-runway conditions would continue to provide ground
clearance for the wing and engine pods thereby reducing wing breaks and teaving of tank lower
surfaces, and engine pod scrubbing or sepuration.

Third, where trauma fatalitics have predominated, the energy absorbing protective capability of the
aircraft structure generally has been expended and the aiveraft has experienced major structural
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damage. ‘Thin ia disewssed in soction 5, However, travma fatalition might be reduced by improving
energy nhsorption capability and fuselage strvetural integrity. While corvent oceupant sent/restvaint
systems have performed well in aceidents, little is known of the relationship between oceupant
vesponse and steactural dynnmie chaeacteristion of the seat, floor, snd fuselage, Only recontly has
modeling progressed to where some of this behavior can be more thoroughly explored. This
becomes particularly important for applications of advanced materinl, Farther, nirevaft ocenpant
tmpact Wolernnee necds improved definition,

CRASHWORTHINESS PROBLEM ARKAS

Based on these conelusions, problem areas for future structural censhworthiness vesearch and
development are presentod. These problem arens are categorized with regard to current aiverafl,
advaneed nivernft, and full-seale crash testa. Within ench eategory problem arveas nre presented in
order of priovity. The problema are shown in figure 6.1,

Posterash fire hazard reduction through the development of fuel additives, improved fire
resistance technology, improved occupant egreas, and fuel containment have high priority. This
aubjert has beon treated in the SAFER committes recommendations (ref. 68). Structural crash
response is concerncd with tank rupture mechanisms and with cabin interior cquipment. Fuselage
structural integrity also plays an important role in the postfire hazard by preventing entry of fuel,
fire and smoke through breaks in the fuselage and in protecting established egresa routes by
maintaining the floor structure and operable doors and hatehes.

The role of main landing gear in maintaining ground clearance for the wing and fusclage has been
scen in sectisn 4. A gear with increased resistance to separation in rough terrain may reduce the
likelihood of wing tank breaks and tank lower surface tears, engiue pod separation, and could also
climinate some friction fires.

In addition, fuseluge structural integrity provides the oceupant with a protective shell and with
energy absorbing load paths. Methods of increasing break resistunce of the fuselage are needed.
Similinrly, optimization of fuselage energy absorption is needed. lmprovement of structural
integrity will tend to reduce trauma injury,

Qecupant injury reduction is concerned with floor/sent/oceupant/restrnint systems. The system
nonlinear dynamie response needs to be understood. Current commercinl practice definea the
problem in terma of static enveloping valuea based on accident experience. For new lightweight
soats, the effect of departures from proven designs on occupant hazards or injury potential should
be understood, Of particular concern iz dynamic regponse of the occupants in new seats ax
compared to conventional seats as both seat and oceupant internct with floor acceleration pulses.
This response involves the complete seat system from floor structure and seat attachments to
bupacting survouniding objects, A similar problem exista for the conventional seat to a losser
extent. Research into the effecta of the pulse on both the seat and occupant is needed.

Methods of accidont-envelope analyses are needed for assessing crush performance of aireraft amld
structural components. Such methods provide A means for parnmetrie studies and exteapolation
from crash test and accident data to other scenario conditiona. Proven simulation techniques are
necesanry for engineering purposes.

Crash performance assesament of the siveraft and structural components needs improvement,
Since cost of full-scale aireraft tests precludes many teats, it is important to extract as wuch
engineering data as poasible from accidenta. For some accidents, in which the aiceraft hus aot been
completely deatroyed, additional support to the NTSH by impact dynamica research personnel
from NASA and the FAA may produce more data, This data is needed to study necident behavior
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Figure 6.1~Structural Crashworthiness Problem Areas
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with analytical methods and for simulation testing of atructural componenta, In addition, such
data will be useful in refinement of the accident scenarios.

Advanced anireraft problems are concerned with the introduction of advanced materials,
graphitefepoxies in particular. Problem arcas exist in material crash performance, advanced
component performance, and with aireraft occupant protection concepts. Problems with material
performancee includes high energy impact resistance and burn characteristics. Design latitude
afforded by these materials in ply oriontation and introduction of modifying materials may permit
denirable impact characteristice to. be achieved. With regard to burn characteristics, these
advanced materinls may provide protection to the occupant by not melting in the presenve of
heut pulse while retaining a char barrier and by reduced friction sparking,

(rash performance of atructural components made from advanced materials must be compared to
that of current structural components, Differences in performance must be assessed for their
effect on nccident performance of the complete aireraft. Impact response mechanisms of advanced
components must be understood in order that accident performance might be optimized.

New occeupant protection concepts for advanced nircraft may be required. Current metal aireraft
have inherent properties contributing to crashworthiness provisions in addition to other desiyn
conditions that may not be present in advanced aireraft. Consequently, it muy be necessary to
introduce new approaches to occupant protection.

Since accident perfarmance of full-scale aircraft has such an important role in crashworthiness,
problems of testing full-scale pircraft must be addressed. In addition to technical problems of test
methods, data acquisition, and reduction, the severity levels of the tests must be within the
envelope of survivable accidents for maximum application of the results. This requires further
refinement of the accident seenarios and impliea some knowledge of human injury tolerance. These
problems should be resclved prior to the planned teat of the 720 aircraft.

RECOMMENDED RESEARCH AND DEVELOPMENT

A research and develepment program is presented. One objective is to understand the crash
response of current designs and to develop structural impact technology that might improve
current commercial jet trunsport aircraft and serve as a basis for the assessment of advanced
aircraft structure. A second objective is to understand the crash performance of advanced
atructural components. A third objective is to obtain crash environmental data from full-scale
complete aircraft testa for validation of technology and for assessnjent of crash scenarios.
Recommendations are given for current metal aircraft, advanced nircraft, and for full-seale
complote aireraft tests.

CURRENT METAL AIRCRAFT

Research on reduction of the posternsh fire hazard is recommended. SAFFR Committee
recommondations on fue!l additives, fire resistance, and fuel containment technology are
supported.

With respect to the atructural role in fuel containmoent, research into the various mechanistng of
tank rupture is recommended. Experimental and analytical methods of simulating tank rupture in
crash conditions should be developed. Research should include full-scale aircraft and component
teating of structural improvements and of devices or techniquea to reduce the fuel flow rate from
fractured tanks.
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To improve occupant egress, the effects of representative crash accelerations and displacements
on containment of cabin intorior equipment and contents shoutd be determined, Gelleys, overliead
compartments, ceiling panels, lighting, and other interior appointmenta should be studied to reduce
blockage of egress routes. For water entry, new designs and techniques for storage and
deployment of life rafts and floatation equipment that will facilitate egress und eliminate blockage of
exits should be developed.

Research . to improve satructural integrity of the fuselage is recommended. Studies into the
mechanisms of fusclage breaks, maintenance of protective shell, optimization of energy absorption,
distortions at doors and hatches and floors for the crash scenarios should be done. To accomodate
water entry, studies of design improvements that will eliminate tearing and rupturing of the fuselage
lower surface by hydraulic action of the water (some inward crushing would be tolerable) thus
improving the floatation capability should be done.

Main landing gear accident performance in rough terrain should be studied, Crash loads and
displacements for existing gear concepts for representative hazards should be determined. The
interaction of the gear and the attaching structure should be understood. Advanced concepts for
improved crash performance should be developed.

Research for trauma injury reduction is recommended. Studies to ascertain the effecta of fuselage
structural arrangement on the acceleration impulse and floor displacement experienced at the points
of seat attachment should be conducted. Effects of the shape, magnitude, and duration of the seat
acceleration impulse on seat/occupant/restraint system response should be obtained for current

seats and for new lightweight seats. Also seat capability in terms of both static and dynamic loading

should be established. Effects of occupant parameters such as mass, size, distribution, occupant
accelerations, restraint effectiveness and seat deformation should be obtained. Effort should be
made to relate engineering measurements to occupant injury and injury indices.

Crash envelope analyses need to be developed for assessment of crashworthiness. Existing
computer programs such a8 KRASH and DYCAST may serve as a starting point. Limits of validity
of such analyses need to be established. Methods of accident simulation and the data base to
support this approach should be developed. The technology of these methods should be extended.

Research for crash performance assessment should be done to refine the accident scenarios,
Efforts to obtain data from selected accidents to better define the initial conditions and the
sequence of events are needed. Engineering data for accident simulation should be obtained.

ADVANCED AIRCRAFT

Research is recommended in high energy impact for advanced materials such as graphite/epoxy,
Effecta of design parameters on impact resistance should be determined, Ways to increase impact
resistance und burn characteristics should be sought.

With respect to advanced components, a program to determine crash performance should be
conducted. Anglyticat and experimental crash simulations should be made. Advanced component
performance should be compared to current components and differences identified, Methods of
modifying the performance should be explored.

It is anticipated that impact resistance of advanced materials and energy absorption
characteristics of componenta made of these materials may be sufficiently different from current
metal aircraft that new concepta of occupant protection might be needed. Of particular concern are
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wing tanks, fuselage integrity including energy absorption, and the floor/seat! occupant/reatraint
system. New approaches to occupant protection should be inveatigated.

FULL-SCALE CRASH TESTS

The planned 720 crash test should be instrumented to obtain data on structural componenta and
seat/occupant/restraint systems. Crash response modea and loads on both the structural

components and the seat/occupant/restraint system should be obtained. Full-scale tests should be
used to refine the scenario,

Depending on the success of the 720 test, additional full scale crash teats should be considered,
Future tests would serve to evaluate other scenarios and to more completely define the crash
environment and crash response mechanisms. They would also be useful for validation of analytical
methods, As advanced materials are incorporated into future aircraft, full-scale tests for occupant

protection concept validation should be considered. An objective of this program is to minimize the
need for full-scale crash tests.

RECOMMENDED PROGRAM

The program recommended for inclusion in the planning for the NASA/FAA Crashworthiness
Research program for General Aviation and Commercial Jet Transport Aircraft is given. While the

complete development of the crashworthiness technology is a worthy goal only major segments are
suggested.

Major scgments of the program are identified, A strong emphasis is placed on the performance of
advanced composites, The segments include fuel containment, fuselage integrity/energy
absorption, floor/seat/occupant response, complete aircraft response, accident investigation,

component performance, and support technology. The elements of these segments have been
discussed in the body of the study and in section § in particuiar,

A tenative schedule through 1990 for the recommended segments in the NASA/FAA research and
development program pertaining to commercial jet transport aircraft is shown in figure 6.2, The

schedule is based on task priority, current state of the technology, estimates of available facilities,
and timeliness to aircraft applications.

Boeing Commercial Airplane Company
P. O. Box 3707
Seattle, Washington 98124
August 10, {981
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APPENDIX A

-

. Accident Definition
(As Defined by the National Transportation Safety Board)

“Aircraft accident” means an occurrence associated with the operation of an aircraft which takes
place between the time any person boards the aircraft with the intention of flight until such time
as all such persons have disembarked, in which any person suffers death or serious injury as a
result of being in or upon the aircraft or by direct contact with the aircraft or anything attached
thereto, or the aircraft receives substantial damage.

“Operator” means any person who causes or authorizes the operation of an aircraft, such as
the owner, lessee, or bailee of an aircraft.

“Fatal injury” means any injury which results in death within 7 days.

“Serious injury” means any injury which (1) requires hospitalization for more than 48 hours,
commencing within 7 days from the date the injury was received; (2) results in a fracture of
any bone (except simple fractures of fingers, toes, or nose): (3) involves lacerations which
cause severe hemorrhages, nerve, muscle or tendon damage: (4) involves injury to any
internal organ; or (6) involves second or third degree burns, or any burns affecting more thean
b percent of the body surface.

“Hull loss” means demage due to an accident which was too extensive to repair or, for |
economic reasons, the aircraft was not repaired and returned to service.

“Substantial damage”

(1) Except as provided in subparagraph (2) of this paragraph, substantial damage
means damage or structural failure which adversely affects the structural
strength, performance, or flight characteristics of the aircraft, and which would
normally require major repair or replacement of the affected component.

(2) Engine failure damage limited to an engine; bent fairings or cowling; dented skin;
smell punctured holes in the ekin or fabric. Damage to landing gear, wheels, tires,
flaps, engines accessories, brakes, or wing tips are not considered “substantial
damage” for the purpose of this part.

A “survivable” accident is one in which the fuselage remains relatively intact, the crash
forces do not exceed the limits of human tolerance, there are adequate occupant restraints,
o and there are sufficient escape provisions,

Y
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APPENDIX B

‘The following 1980 accidents would be good candidates for additional study:

1.

707 2127180

707  B11/80

L-1011 8/19/80

727 913180

7371 10/6/80_.

747 1119/80

727 11/21/80

707 12/20/80

China, Manila, hull losa, 3 of 136 were fatalities, severe fire, hard
touchdown, wing failed,

Sabelair, Doucsla, Cameroon, hull loss, no fatalities, no fire, veer
off,

Saudi, Riyadh, hull loss, 301 fatalities, cabin fire in flight, landed
hut no evacuation.

Pan Am, San Jose, Costa Rica, hull loss, no fatalities, touchdown
short, no fire.

Air Florida, Port au Prince, substantial damage, no fatalities,
veered off runway, separated gear, fuel leak through crack in
fitting.

Korean, Seoul, Korea, hull loss, 14 of 226 were fatalities, severe fire
{nonfuel) touchdown short, gear separated.

Air_Micronesia, Yap Island, hull loss, veered off runway, no
fatalities, severe fire.

Aerotal, Bogota, hull loss, no fatalities, touchdown short, severe
fire,

- e




APPENDIX C

This form appearing on the following pages was used for the data search of the accidents.
It is presented here as a convenience to the reader.
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ACCIDENT IDENTIFICATION

DATE

ACCIDENT FILE NO,

.

TOTAL ONBOARD

A/C MODEL

AIR CARRIER

LOCATION

CREW (+NON-REV,}

PASSENGERS

TOTAL FATALITIES

TIME (LOCAL)

FLIGHT PHASE

DAMAGE, (HULL, MAJOR)

TOTAL. SERILUS INJURIES

IMPACT SURVIVABLE YES

TYPE .OF ACCIDENT

TERMINATE IN WATER

IN-FLIGHT FIRE

GROUND IMPACT - NO FIRE
GROUND IMPACT - MINOR FIRE
GROUND IMPACT ~ MOD, FIRE
GROUND IMPACT ~ SEVERE FIRE

DESCRIPTION OF ACCIDENT

STRUCTURE RELATED TYPE

NO STRUCTURE DESCRIPTION
FUSELAGE BREAX

QOCRPIT DAMAGE

WING SEP

BELTS/SEAT SEP

TANK RUPT

FLOORS

DEBRIS

WEATHER  TEMP.

WIND

DESCRIPTION-AT IMPACT LOCATION

GEAR SEP

ENGINE/PYLON SEP

DOORS

FUEL LINES

TERRAIN AT IMPACT LOCATION

A/C ATTITUDE AT IMPACT
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PILOT ACTIONS

FLIGHT DATA RECORDER ANALYSIS PLAPS
AVOIDANCE ACTIONS
ROTATION SPOILERS FLAPS
BRAKES REVERSE.- THRUST POWER
STEERING OTHER CONTROL APPLICATIONS
A/C CONFIGURATION AT IMEACT
GEAR L MLG. R MLG NOSE GR
EST._RUEL QT. GAL. NO, 1 NO. 2 CcW NO. 3 NO, 4

AT IMPACT -~ A/C SPEED RATE OF DESCENT
IMPACT "G" LOADS - FWD DOWN SIDE

WING DAMAG/FUEL SPILL
HOW AND WHERE SPILLED
WING BOX RUPT BY GEAR SEP

OR ENGINE STRUT SEP

QUANTITY SPILLED MAJOR MOD MINOR

SEPARATION AT W.S, - LEFT RIGHT

X~-RUPT X-EXPLO. TANK RUPTURE NO. 1 ___ NO, 2 cw NO. 3 NO.4
ENGINE SEPARATION NO. 1 NO. 2 NO. 3 NO, 4

ENG. STRUT. SEP. NO. 1 No. 2 NO._3 NO. 4

LOG. GEAR SEP. OR COLLAPSE L MLG B MLG R MG N.G.

WING. FUEL FPIRE -~ WHICH TANK(S)
=~ WHICH ENGINES OR STRUTS

SBEVERITY EXTREME MODERATE MINOR
SOURCE OF IGNITION

HOW LONG (TIME IN SECONDS) AFTER A/C MOVEMENT STOPPED UNTIL FIRE BECAME SEVERE

166
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FUSELAGE DAMAGE

CAB}i! FLOOR DAMAGE

FUSELAGE CREAK LOCATIONS (BODY STA, S)

TOTAL SEPARATION PARTIAL SEP,
COCKPIT DAMAGE EXTREME MODERATE
PASS. SEAT SEP., MOST SOME FEW

MINOR
NONE

GALLEY SEPARATION (WHICH)

OVERHEAD STORAGE COLLAPSE

BODY INTERIOR PANEIL, COLLAPSE

WHAT DEBRIS HINDERED PASS EVAC.

FUSELAGE_DOOR/RATCHES WERE - JAMMED

=~ BLOCKED

EXTERNAL FUEL_FIRE ENTERED PASS. ARFA (HOW OR WHERE)

LWR (BOTTOM) FUSELAGE TORN/RUPT., - EXTREME MOD.
FUSELAGE FIRE (NON-FUEL) -~ INITIAL LOC.

MINOR

= IGNITION SOURCE

SIZE/EXTENT OF BURN AREA

VENTILATION PROBLEM - SMOKE/FUMES
COCKPIT « SEVERE MOD. MINOR
UNENOWN
PASS CABIN - SEVERE MOD. MINOR

AFT FUSELAGE - TAIL MOUNTED ENGINE A/C

ENGINE BURST DEBRIES DAMAGED FUSELAGE {LOCATIONS)

NONE

NONE

UNENOWN

- FIRE DEVELOPED IN FUSELAGE

ENGINE/STRUT FIRE BURWED INTO FUSELAGE

FIRE/SMOKE ENTERED PASS, COMPT. SEVERE MOD.
FPIRE (OTHER THAN ENGINE RELATED)

MINOR
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CREW & PASSENGER EVACUATION

TIME TO EVAC SURVIVORS (SECONDS)

BB s .

NUMBER OF PASS. THAT EVACUATED THRU

SLIDES/CHUTES - NOT USED

ENTRANCE DOORS

EMERG. HATCHES

BODY BREARS

UNKNOWN

USED SUCCESSFULLY

SOME MALFUNCTED (NO.)
SOME RIPPED OR BURNSD (NG.)
SURVIVORS THROWN OUT THRU BODY BREAKS

EFFECTED EVAC,
EFFECTED EVAC.

TOTAL NO, FATALITIES AT SCENE PASS/CREW
NUMBER
NUMBER FOUND IN SEATS PERCENT
IN AISLE (ON FLOOR) MOST
OUTSIDE A/C FEw
UNKROWN SOME, ETC.
CAUSE OF DEATH - TRAUMA - INSIDE A/C PASS/CREW NUMBER
OUTSIDE A/C PERCENT
-FIRE/SMOKE - INSIDE A/C MOST
QUTSIDE A/C FEW
=UNKNOWN SOME, ETC.
PANIC MAY HAVE DID OCCUR OR UNKNOWN
FATALITIES MAY HAVE pID RESULT FROM THIS
EMERG, LIGHTING USED NOT USED UNKNOWN

R —————
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TIME (MIN.) A/C REMAINED AFLOAT ) . ALL OR PART

A/C RESTS ON DBOTTOM (PARTIALLY OUT OF WATER)

SLIDES/RAYTS  USED NOT USED UNKNOWN

LIFE VESTS AVAILABLE ___ __ USED NOT USED ____ UNKNOWN
PUSELAGE REMAINED INTACT ___ BROKEN/SEP ____ RUPTURED ______ UNKNOWN
PATALITIES DUE TO TRAUMA ' NUMBER
DROWNING (INSIDE A/C) PERCENT
{OUTSIDE A/C) MOST
UNKNOWN SOME
FEW, ETC.

JUDGEMENT ITEMS (SEVERITY INCLUDES BOTH A/C DAMAGE & FATALITIES)
GEAR SEPARATION/COLLAPSE CONTRIBUTED TO SEVERITY OF THIS ACCIDENT
DIb
MAY HAVE
DID NOT
ENGINE/PYLON SEPARATION CONTRIBUTED TO THE SEVERITY OF THIS ACCIDENT
DIiD
MAY RAVE
DID NOT
FUEL TANK REPTURE CONTRIBUTED 1C THE SEVERITY OF THIS ACCTDENT
DID
MAY HAVE
DID NOT

FLOORS/DOORS/DEBRIS CONTRIBUTED

DIip

MAY HAVE

DID NOT
BELTS/SEATS

D1D

MAY HAVE

DID NOT
FUSELAGE BREAK/SEPARATION CONTRIBUTED TO SEVERITY OF THIS ACCIDENT

bip

MAY HAVE

DID NOT
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APPENDIX D

Review/Appraisal of the U.S, Army's,
Aircraft Crash SBurvival Design Guide
USARTL-TR-79-22A,B,C,D,E
for Other Applications

D.L. Parks
D.W. Twigg

ABSTRACT

The newest update to the U.S. Army’s Aircraft Crash Survival Design Guide for Army aircraft was
reviewed for ideas that might apply in other eystems and therefore bear further research.
Philosophically, many features were compatible with the philosophy and practices for commercial
systems. However, the Guide does not make allowances for widely varying differencea in crash
characteristics and inherent energy absorption features from one system to another, e.g., from
small rigid body aircraft with minimal subfloor volume for energy absorption to large flexible body
aircraft with large subfloor volume for energy absorption. Additionally, the orientation is for
survival under any circumstances chat Army operations might encounter—a far more hazardous
set of circumstances than will occur for commercial vehicles. Accordingly, this appraisal does not
get into all criteria in the Guide but instead provides a review of those features that may bear
further consideration in research and development studies.
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1.0 INTRODUCTION

The purpose of the present study is to review and eritique the new U.S. Army‘s Crash Survival Design
Guide (ref, 1)-1) for research ideas that might ultimutely benefit commeraial aireraft safety and thus
bear further rescarch attontion to resolve potential value in commercial nireraft applications, it is also
intended to distinguish those elaments which may and which may not readily transfer from light and
small rigid body aircraft to large flexible body transports.

The authors of the new Guide accepted and are to be commended for responding to a major
challenge. They have attempted to refine earlier editions of the Guide and to indicate more room for
trade-offs than earlier issues implied. For example, the third edition of the Army Crash Survival
Design Guide more carefully constrains the guideline recommendations to the small rigid body
airplanes used by the U.S. Army than earlier editions, i.e., the light fixed wing naircraft and
helicopters, Additionally, the authors indicate many of the trade-offs and realistic constraints that
must be considered relative to the guidelines, introducing the possibility of waivers by the Army,
based on trade-offs of objectives versus realistic design constraints. The indicated trade-offs
illustrate potential problems in generalizing within vehicles, and by extension problems in attempts to
generalize guidelines developed for the Army to large flexible body commercial airplanes.

Since the 1967 and 1971 versions of the Guide, many areas of progress in development, in test und
evaluation, and in operational experience have added to the fund of knowledge. However, guidelines
or criteria spelled out in the earlier Guide were in fact sometimes unduly restrictive, sometimes
difficult-to-imposaible to achieve, and conservative even for the Army objectives. In this latest
version of the Guide, these constraints are more apparent, more need for tradeoffs from the
“criterion” conditions are recognized, and distinctions between military and commercial
environments are more obvious. However, and perhaps partially due to the greater autonomy the
Army has as both purchaser and user, the new Guide does not yet really address minimum
requirements that must be met; the orientation remains one of setting goals as trade-off positions.

The new Guide is in five volumes, In this appendix, information is abstracted, collated and
synthesized across the five volumes to integrate the inforination into one single abstract summary.
This summary is a synthesis and critique of the U.S. Army's Aircraft Crash Survival Design Guide
in that it is in the main constrained to research possibilities for other systems. Accordingly, it
includes information that may be relevant for commercial aireraft research efforts, and includes
questions regarding the Army Guide position. Since there was significant overlap and some
considerable redundancy between volumes, a major element in the present effort was to abstract
and correlate related information from all volumes. Information herein follows the same general
format. Volume titles and contenta are as follows:

Volume I — Design Criteria and Checklista
Pertinent criteria extracted from Volumes II through V. Provides for updating earlier related
military standards (vef. D-1).

Volume I — Aircraft Crash Environment and Human Tolerance
Crash environment, human tolerance to impact, military anthropometric data, occupant
environment, test dummies, accident information retrieval,

Volume I — Aircraft Structural Crashworthiness
Crash load estimation, structural response, fuselage and landing gear requirements, rotor
requirements, ancillary equipment, cargo restraints, structural modeling.




Vaolume IV —  Aireraft Seata, Resatraints, 1itters, and Padding
Qperational and crush environment, energy absorption, seat deeign, litter requirements,
restraint system design, occupant/restraint system/seat modeling, delothalization of cockpit

and cabin interiors.

Volume V —  Aircraft Postcrash Survival
Postcrash fire, ditching, emergency escape, crash locator beacons, retrieval of accident

information.
General types of subjects covered include:

1. Crashworthiness of Aircraft Structure—The ability of the aircraft structure to maintain
living space for occupants throughout & crash.

2. Tiedown Strength—The strength of the linkage preventing occupant, cargo, or equipment
from becoming missiles during a crash sequence.

3.  Occupant Acceleration Environment—The intensity and duration of accelerations
experienced by occupants (with tiedown assumed intact) during a crash.

4. Occupant Environment Hazards—Barriers, projections, and loose equipment in the
immediate vicinity of the occupant that may cause contact injuries.

5. Postcrash Hazards—The threat to occupant survival posed by fire, drowning, exposure, etc.,
following the impact sequence.

To date three editions of the Guide have been released, the first in 1967, an update in 1971, and a
total revision in 1979.

BACKGROUND DISCUSSION

As summarized in the new Aircraft Crash Survival Design Guide, the U.S. Army Transportation
Research Command (now the Applied Technology Laboratory, Research and Technology
Laboratories of the U.S. Army Aviation Research and Development Command (AVRADCOM)
initiated a long-range program in the early 1960s, with the objective to study all aspects of aircraft
safety and survivability. From this program, it was intended to determine improvements in crash
survival that could be made if consideration were given in the initial aircraft design to general
survivability factors; figure D-1.1 expands on aspects of “Crashworthiness” as defined by the

newest version of the Guide.

In order to determine which criteria and guidelines might be appropriate for commercial aircraft
for present purpnses, it was necessary to determine the purpose of individuel guidelines and
criteria. The reason is that criteria and guidelines are not usually directly transferable. For
example, design criteria levels in the Guide are not based on theory; rather they are obtained by
estimating the crash loads which occurred in past crashes of light, rigid body Army aircraft. In
turn, & number of related assumptions were involved. Large, flexible body commercial aircraft
with a large cargo hold in the lower fuselage are clearly different in design features that will affect
crash loads and probable dynamic responses in direct contrast to those expected for the smaller
and lighter rigid body Army aircraft. Accordingly, the conditiona upon which criteria are based

must differ.
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The new Aircraft Army Crash Survivat Design Guide gives three distinctly different descriptions of the
purpose of crashworthy deeigns, but all with the same criterion levels: (1) to eliminate unnecessary
injuries and fatalities in relatively mild impacts (COMMENT: *unnecessary” is not defined), (2) to
contain occupant deceleration levels within human tolerance in scvere crash environments, or (3)
(by numerous implications) to survive any crash “combat ready”. All three eriteria in the Guide refer
to the same deceleration levels, In contrast, Federal Air Regulation Part 25 (FAR 26) states that
design for commercial aireraft is “to give each occupant every reasonable chance of escaping
serious injury in a minor crash landing” when using restraints and other safety pravisions, with
landing gear up, and with lower deceleration loads and usesa correspondingly lower criterion level.

y!

. On the surface, the first two goals of crashworthy design stated in the Guide (to eliminate
unnecessary injuries and fatalities in a minor crash and to assure survival in a severe cragh—still a
somewhat speculative outcome) may seem consistant. In actuality, the two goals are frequently in
opposition. A design feature designed to operate at low crash loads to prevent injury is often
inefficient at high crash loads, and presence of the feature may in fact degrade the overall
performance at the high loads. This is an extension of the comfort versus safety problem—a
system designed to be comfortable at low crash loads may very likely be less “safe” at high crash
loads. An example is the 5 mph barrier crash requirement in the automotive industry. Bumper
systems designed to provide 100% protection (to the car) at 5 mph may provide less protection at

higher speeds than might otherwise be the case. Unfortunately, the Guide appears to treat these
criteria as though they were interchangeable.

L UL

“Survivable” commercial aircraft accidents are generally near airports where external assistance
for evacuation and quick medical attention are available, Thus, even the injured have a reasonable
chance for survival. This is in stark contrast with military crashes, which may occur in a combat
zone without prospect of external aid so that the need for self sufficiency is more pronounced.
Goals to totally avoid injury are vastly different from goals to reduce injury potential or otherwise )
improve safety in even the feasibility of implementing practical improvements. ]

As its own regulator and consumer, the Army can set and adjust goals and thus need not
distinguish between crashworthiness goals, guidelines, and criteria. As pointed out in Volume II, 1
the Army may itself opt to retain, adjust, or waive any of same when compliance is demonstrated |
to involve an unacceptable compromise in system objectives, performance, or costs. These i
distinctions are, accordingly, not rigidly obeerved in the new Guide. Neither the lack of distinction

in goals, guidelines and criteria nor waivers are practical in the civilian environment. Rules are
laws that must be met without exception and cannot be traded off when a given requirement is

demonstrated to be impractical, or shown to effect a serious compromise some other aspect of
system operation.

~JHULLIAE 31 AL § L I
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It should be emphasized that the Army’s design guide was written expressly for the Army's light
aircraft (helicopter and single engine propeller), which must include, by definition, operations i
involving a variety of "normal”, training, remote austere, and combat situations. The aircraft '

conaidered for the updated version of the guide were constrained to a vehicle mission gross weight
of 12,600 pounds or less,
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2.0 DEFINITIONS OF TERMS

The Guide defines specialized termas related to crashworthiness at the beginning of each volume.
Several of these definitions are paraphrased herein for the convenience of the reader.

GENERAL TERMS

Abrupt Decelerationa — Describes the short duration shock accelerations primarily associated
with crnsh impacts, ejection seat shocks, capsule impacts, ete. One second is generally accepted as
the dividing point between abrupt and prolonged accelerations. Within the extremely short
duration range of abrupt accelerations (0.2 sec and below), the effects on the human body are
limited to mechanical overloading (skeletal and soft tissue stresses), there being insufficient time
for functional disturbances due to fluid shifts,

COMMENT: Within the Guide, high loads used to define criteria are less than one second duration
and most typically less than 060 sec. The authors state that this region is where effects on the
human body are limited to mechanical overload of structure and tissue since time is too short for fluid
shifts, In large commercial aircraft, pulses are generally accepted as ranging up to 0.2 to
0.25 seconds.

Human Tolerance — A selected array of parameters that describe a condition of human body
decelerative loading, i.e., a crash pulse for which it is believed there is a reasonable probability of
survival without major injury (this is also termed “whole-body tolerance™). “As used in this volume
(IID), designing for the limits of human tolerance refers to providing design features that will
maintain these conditions at or below their tolerable levels to enable the occupant to survive the
given crash environment.”

Human tolerance to the crash environment is & function of many variables, including unique
characteristics of each person as well as the impinging loads. Loads are transmitted from the seat,
the restraint system and the surrounding environment. Tolerability depends on load direction,
body orientation, and the critical nature of the load relative to a body member. For example,
conditions wherein the belt rides up off the iliac crests of the pelvis may contribute excessive
abdominal loads, or skull fracture may result from head contact, or the type of loads applied to the
spire may create injury.

COMMENT: Definition implies that it is possible and practical to design to human tolerance limits
and assure survival without exception; in actuality, other text clearly indicates this to be
considered a goal which is not necessarily achievable. Resulting implications are misleading to the
newcomer to the field.

The Term “G" — Refers to the ratic of acceleration encountered to that from gravitational attraction
on a given body at sea level, (i.e., relative to 32.2 ft!aec2). In use herein, “G” increments are
refersnced in multiples of same, 850 6 G is 5 times the normal forces on the bhody.

Survivable Accident — An accident in which the forces to the occupant(s) are within tolerance
limits and the surrounding structure remains substantially intact to provide a livable volume
throughout the crash sequence,

COMMENT:; Definition of survivability varies between volumes of the Guide. One is to *eliminate

unnecessary injuries and fatalities in relatively mild impacts” (Volume ). Another is to “minimize
vccupant accelerations to survivable levels in a severe crash environment” (Volume 11),
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Survival Envelope — The renge of impact conditions wherein the occupiablo arca of the aircraft
remains subatantially intact, (i.e., wherein forces transmitted to accupanta do not exceed the limits
of human tolerance when state-of-the-art restraint systems are used). As a precauticn, accident
investigation will not necessarily show that survivable conditions may not have existed in an
accident that may appear from posterash inspection to have been survivable; elastic recovery from
crash induced deformation can mask actual crash conditions.

Submarining — The rotation of the hips under and through the lap-belt as the belt slips up und off
the iliac crests of the pelvis caused by forward inertial loads on the legs, “Lap-belt slippage” can be
a direct result of the upward loading of the shoulder harnesa straps at the “enter of the lap-belt.
(figure D-2.1, from ref, D-2).

Dynamic Overshoot -~ The amplification of decelerative force on cargo or personnel above the
impact deceleration force resulting from dynamic response of the system. For example, a locse
gystem can dramatically increase peak loads.

SEATING GEOMETRY

See figure D-2.2, from MIL-STD-1333, MIL-STD-860, and U.S. Army's Aircraft Crash Survival
Design Guide (ref. D-3, D-4, and D-1).

Design Eye Position — A reference datum point based on the eye location that permits the specified
vision envelope required by MIL-STD-850, allows for slouch, and is the datum point from which the
aircraft station geometry is constructed. The design eye position is a fixed point in the crew station,
and remains constant for pilots of all statures via appropriate seat adjustment.

Horizontal Vision Line — A reference line passing through the design eye position parallel to the
true horizontal and normal cruise position.

Back Tangent Line — A straight line in the midplane of the seat passing tangent to the curvatures
of a seat occupant's back when leaning back and naturally compressing the back cushion. The seat
back tangent line is positioned 13 in. behind the design eye position as measured along a
perpendicular to the seat back tangent line.

Buttock Reference Line — A line in the midplane of the seat parallel to the horizontal vision line
and tangent to the lowermost natural protrusion of a selected size of occupant sitting on the seat
cushion.

Seat Reference Point (SRP) - The intersection of the back tangent line and the buttock reference
line. The seat geometry and location are based on the SRP.

Buttock Reference Point ~ A point 5.76 in. forward of the seat reference point on the buttock
reference line. Thie point defines the approximate bottom of an ischial tuberosity, thus
representing the lowest point on the pelvic structure and the point that will eupport the most joad
during downward vertical loading.

Heel Rest Line — The reference line parallel to the horizontal vision line passing under the tangent
to the lowest point nn the heel in the normal operational position, not necessarily coincidental with
the floor line.
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Figure D-2.2 - Seating Geometry (From Army CSDG)
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STRUCTURAL TERMS

Airframe Structural Crashworthiness — The ability of an airfrnme structure to maintain
pratective shell around occupants during a crash and to minimize magnitudea of accelerations
applied 1o the occupiable portion of the aireraft during crash impacts.

Structural Integrity — The ability of a structure to sustain crash loads without collapse, fuilure, or
deformation of aufficient magnitude to cause injury to personnel, or prevent the structure from
performing as intended.

Static Strength — The maximum static load that can be sustained by a structure, often expressed
as a load factor in terms of (3,

Strain — The ratio of change in length to the original length of a loaded component.

Collapse — Plastic deformation of structure to the point of loss of useful load carrying ability.
Although normally considered detrimental, in certain cases collapse can progress in a controlled
fashion, maintaining structural iritegrity.

Limit Load -~ In a structure, limit load refers to the load the structure will carry before yielding.
Similarly, in an energy-absorbing device it represents the load at which the device deforms in
performing its {unction.

Load Limiter, Load-Limiting Device, or Energy Absorber — These are interchangeable names of
devices used to limit the load in a structure to a preselected value. These devices absorb energy by
providing a resistive force applied over a deformation distance without significant elastic rebound.

Bottoming -~ The exhaustion of available stroking distance accompanied by an increase in force,
e.g., & seat stroking in the vertical direction exhausts the available distance and impacts the floor.
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8.0 AIRCRAFT CRASH INFORMATION

i Authors of the prosent edition of the U.8, Army's Aireraft Crash Survival Deaign Guida recognize and

necopt that tradoe-offs muat be accomplished rolative to oarlior stated criteria, New goneration Army

h- nireraft are being procurred with atringent crashworthiness requircments, based on "96th percentile

- - aurvivable accidents” ae defined in an oarlier atudy (ref. 1)-6), The new (Giuide emphusizes that
component changos recommended by earlier editions, or those that might be implemented in
attempts to resolve more specific problems, may not meaningfully improve crashworthiness in some
fixod system designs. Accordingly, the authors point out that retrofit improvements are limited and

' may result in prohibitive weight and cost penalties if requirements are too severe or too rigidly
applied, although some retrofit packages are feasible. Individua! technological appraisals hecome
necessary.

Army aircraft for which this present Army study was intended include rotary wing and fixed wing
nircraft under 12,600 pounds, the small rigid body aircraft used in the Army mission. These aircraft
are relatively unyielding during crash impact unless specific design provisions are incorporated.
Anything exceeding the equivalent of a free fall of 100 ft in any of these aircraft is considered to be
nonsurvivable. Resulting aircraft-related criteria are based on design fuctors that might be applied to
such aircraft in order to reduce the degree to which human tolerunce criteria might be approached,
and thus improve survivability.

Human tolerance in the crash environment is the basic criterion for crashworthiness, and is related
to acceleration magnitude, duration and rate of change. Crash environment data discussed in the
Guide and herein relates information on factors that can be used to enhance this environment. Other
factors influencing survival are:

1.  Structural collapse, from impact or supporting large mass during impact

2.  Structural elastic deformation }

3. Structural penetration 1

4,  Structural strength protecting egreas operation
5. Structural strength of landing gear and seat restraint support system

COMMENT: Three different survivability goals are indicated or inferred in the new Guide. One is to
eliminate “unnecessary” injuries and fatalities in relatively “mild” impacts. A second is to design “for
the limits of human tolerance”...to maintain conditions at or below their tolerable levels to enable the
occupant to survive the given crash environment. A third is implied, to survive any crash and be
“combat ready.”

BACKGROUND DISCUSSION

The Army approach to improving survivability has been in two stages, first by improving the
“crashworthinese” of existing aircraft as practicable, then by influencing design of new aircraft
through assuriny consideration of improved capabilities. Army objectives for their “crashworthy” |
aircraft relate to minimizing injuries and fatalities and controlling structural damage so that “a
survivable environment is more likely to be maintained.” Army criteria were related to combat goals,
in order to produce a positive morale factor and improve combat effectiveness. The army
accordingly gives great emphasie and apparently considerable funding to maximize protection
afforded to occupants by each subsystem without really addressing what minimum requirements
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might be. In providing maximum protection oa the authors of the updated Army Guide see it, a vertical
crash impact i a series of energy absorbing strokes that occur as different ductile componenta
yield. They use landing gear stroking to abeorb a significant amount of enorgy; the fuselage
contributes to ahsorption and provides a protective ehell for accupants; the floor, seat, and restraint
aystems contain occupants within the shell and provide additional energy absorption to reduce
occupant decelerative loading. Additionally, weapon sights, cyclic controls, glareshiclds, instrumont
panels, armor, and structure are to be delethalized.

(‘OMMENT: The authors of the new Army Guide do not follow the more common engincering
practice of allowing a cumulative system credit based on & summation of capahilities for components
to some minimum requirement goal for energy absorption, Instead, they emphasize maximum
protection possible from each subsystem, taking the position that it is not possible to simply specify
human tolerance and vehicle crash conditions. For example, they take the position that designers
must also consider probable crash conditions wherein all subsystems cannot perform their desired
functions; e.g., no landing gear absorption of impact energy, since helicopters may not contact the
ground via the landing gear. Criterion levels that are actually oriented to inaximum possible
performance are thus also recommended in the Guide for each individual subsystem, ¢.g., ‘'n energy
absorption requirements for seat and restraint systems.

This amounts to extremely conservative engineering practice, since cumulative capabilities are
accepted standard practice and since most design criteria are based on specifying minimum, not
maximum, requirements. Opinions, practicality, and even estimates of feasibility will vary, creating a
difficult-to-impossible situation. Secondly, design goals are not usually specified or accepted as a
design practice. Additionally, the practice of generalizing from the worst case for one system to
other aircraft that seldom, if ever, encounter that case is hard to justify (e.g., generalizing vertical
loading criteria from upside down landing of a helicopter, or using helicopter based impact loads that
are due to rotor thrashing, to set criteria for fixed wing aircraft with their vastly different impact
circumstances).

AIRCRAFT CRASH ENVIRONMENT

Statistical studies were conducted to determine impact conditions for rotary wing and light fixed wing
aircraft of mission gross weight no greater than 12,500 pounds during the period 1960 through
1965, and 1971 through 1976 (Volume II) (also ref. 6). Cases selected had at least one survivor
and one or more of the following factors: (1) substantial structural damage, (2) postcrash fire, (3)
personnel injuries. Numerous severe accidents were excluded from consideration, such as midair
collisions or free fall drops of 100 ft or more because, “Such accidents almost invariably result in
random, unpredictable crash kinematics and nonsurvivable impact forces, and are of little value in
establishing realistic crash survival envelopes that would be useful to the
aircraft designer.”

COMMENT:: In view of typical impact speeds compared to helicopters and light aircraft, most large
commercial aircraft accidents may fall in this high load category.

Impact conditions were found to be similar from rotary wing to light fixed wing STOL aircraft, and,
except for lateral conditions, were treated as being the same. Impact velocities were “known” for
what appears to be a somewhat arbitrarily selected sample of 40 aircraft out of 600+ accidenta that
were reviewed (with errors in estimated impact velocity “probably” not exceeding £ 20%), but could
not be established for other aircraft crashes. One half the vehicles that could be appraised were
estimated to experience a vertical velocity change of 24 ft/sec or less (equivalent to free fall of 8 ft,
11 in.), and 956% were estimated to experience a vertical velocity change of 42 ft/sec or less
(equivalent to free fall of 27 ft 5 in.). Longitudinal velocity changes were approximately 28 ft/sec for
the 50th percentile and 50 ft/sec for the 86th percentile crash,
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Impact aceolerations were catimated by the original accident investigation hoard and recaleulated by
the survey team. Additional analysis was performed for cnses that “appeared to be near the upper
limita of aurvivability.” The 40 aircraft usad were relected from an overall review that covered 563
rotary wing and 92 fixed wing aircraft, of which 373 were used to establish impact conditions.
Impact attitudes were also used from the added collection of crash data for 108 attack helicoptora
and 10 cargo helicopters for the period 1971 to 1976, The atatiatically most frequent impact
involved trees. It was found that loose sofl could be beneficial, or alternatively could actually increase
decclerations (e.g., if the structure dug into the ground),

Since insufficient lateral data were available, lateral velocity changes were inferred from
circumstances of the helicopter and light eircraft accidents to be 25 ft/sec, supplemented by recent
studies suggesting 30 ft/sec. Based on the above the three-dimensional! resultant for velocity

changes did not appear to exceed 50 ft/sec, although vector summing is specifically identified as
inappropriate.

Floor decelerations were estimated from the following equation; however, this may well overestimate
Ggye if the peak in fact occurs early in the pulse (see appendix D-A, fig. 1),

v2
Gyave = 288

Overall, the authors concluded that 95% of the “survivable” helicopter and light fixed wing aircraft
accidents involved average vertical accelerations of less than 24 G (with “peak” accelerations of 48
G, assuming triangular puise shape). Average longitudinal accelerations were 15 G and average
lateral accelerations were 16 G (most particularly during auto rotation into trees, fuselage rotation,
then landing on the side). Actually, most accidents occurred with small yaw and roll angles.

Accidents involving postcrash fire were considere? where possible, but burn damage in many

accidents precluded analysis of impact forces. Still others provided insufficient or inadequate data
for detailed case analysis,

Earlier impact criteria used by Army were based on an early decision to increase crash survivebility
that appears to have been somewhat arbitrary (Army Crash Survival Design Guide, first and second
edition) to a level based on a study in the 1960 to 1965 time period (Haley, ref. D-6) which defined
a survivable crash as any crash with at least one survivor, and setting objectives for Army aircraft to
the 95th percentile loads for such conditions, The authors of the new Guide emphasize that, now
that serious attempts to meet the criteria have been incorporated to some extent in a number of Army
aircraft, it would be a mistake to continue using a floating baseline (i.e., the 95th percentils crash)
since it could only lead to a never-ending increase in crashworthiness at the expense of aircraft
performance. Accordingly, the 95th percentile criteria ia dropped in the new Guide.and the design
pulse derived in the earlier effort continues to be recommended for Army use (figure D-3,1).

COMMENT: The rationale for selecting only 40 aircraft for the sample analysis not totally clear.
There ie a reasonable likelihood that many of the cases that were, accordingly, not included in the
study could very well have been more mild but were not survived for some other reason than
deceleration, such as fire. Additionatly, much is based on the very congervative case of a 95th
percentile accident; however, data reported within the Guide suggest a factor of 2+ in magnitude
between the 90th and the 95th percentile accident, which varies considerably from the normal
magritude of the ‘rue statistical difference between 80th and 95 percentile (a 20% change rather than
& 200% change). There is no clear justification for the 90th or 95th percentile survivability goal to be
adopted, other than as an arbitrary goal for which the degree of feasibility remains to be determined.
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Figure D-3.1 ~ Typical Aircraft Floor Acceleration Pulse (From Army CSDG)
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The 95th percentile objective was npparently adopted as such an arbitrary objective for the Army,
which has the option to st goals and dotermine fensibility in a specific design context, and then also
has the authority to waive those clements that are not considered fonsible and practical within the
context of Army needs.

Continued Comment: Now, after several years experience, the general approach and commentary
presented by present authors suggest that the “criteria” ave really guidelines and goals from which
practical trade-offs must be made. Additionally, the exclusion of certain types of severe nceidents
cuuses no problems for the analysis of light aircraft crashes for Army purposes and given their
freedom to waive guidelines. A light aircraft accident of sufficient severity to have “random,
unprectible crash kinematics” would rarely have a survivor. This is not true in the commercial
environment. Because of the size and inherent energy absorption from body flexing of a large
commercial aircraft, crash forces to which the occupants are exposed can vary considerably through
the aircraft. [t is not uncommeon for there to be a few survivors even in a severe accident at flight
speeds and with “unpredictable crash kinematics.” Thus the methodology for establishing crash load
criteria developed in the Guide should not be applied to commercial aircraft.

ATRFRAME STRUCTURAL CRASHWORTHINESS
In the updated Guide, discussion starta with the basic requirements for survival, i.e., a protective
structural envelope and the attenuation of impact forces. Basic design goala/requirements are also
stated, recognizing that improvements may be feasible but using qualitative terms in recognition that
achievements will be limited.
AIRFRAME CRASHWORTHINESS
General Design Considerations—The U.S. Army's Aircraft Crash Survival Design Guide appears to
be specifically intended to define criteria for vehicles designed to support the Army capability “to
conduct prompt and sustained combat incident to operations on land.” All the combat ground-
support functions described involve the potential of exposure to enemy fire while at some
nominal altitude, i.e..
1. Command, control and communications
2. Intelligence
3,  Mobility
4. Fire power
5. Combat service support
The Army inventory includes both helicopter and fixed-wing aircraft. The maximum capacity of
any listed aircraft is a crew of 2, with 20 passengers. The helicopter inventory used for such
purposes includes (figute D-3.2):
1. Observation (OH)
2. Attack (AH)
3. Utility (UHD)

4. Cargo{(CH)




6. Training (TH) (with ita own special cascs)

Fixed-wing aircraft include (figure 3.3)

1. Ulo

2. U3

3, U2

4. U8

5 C12 ———
6. UV18

7. 0OVl

However, the authors suggest that information presented in the airframe structural crashworthiness
volume (Volume 1) applies to any light aircraft.

They qualify this in the same paragraph, in a statement that the impact environment is similar for
all types of existing light fixed-wing and rotary-wing aircraft except for lateral impact. Lateral
impact levels for cargo and attack helicopters are said to compare to light fixed wing aircraft, and
other helicopters experience a more severe lateral impact environment.

The authors go on to state that experience and reason indicate that there will continue to be
accidents that threaten occupant survival. However, their position is “acceptable aircraft
structures should always provide the greatest possible degree of cccupant protection from crash
conditions. All available information should be considered ... to ensure that new designs will
be'acceptably’ crashworthy.” They consider desirable conditions to include multiple load paths to
keep the structure intact in spite of localized damage. However, they recognize that excessively
strong structure does not necessarily meet this objective; in the nonyielding modes, it will
contribute high acceleration and involve both weight penalties and eaergy absorption conetraints.

The 95th percentile design load limits based on severe crash accelerations in this guide set several
new criteria compared to the eatlier version; they also tend to shift the emphasis from peak
accelerations to average accelerationa. Their requirements (for a severe crash) compared to FAA
requirementa for a minor crash are shown in figures D-3.4 and D-3.5.

Impact conditions may include:

Helicopter

1. Vertical impact from power failure during low power maneuver at low altitude

2. Inverted impact (and other impact attitudes) following rotor contact with wires, trees, etc.

Light fixed-wing

1.  Vertical impact with atall near ground

- ‘%
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PRENY: ¥y al

impact
direction Velocity Accelaration duration,
(aircraft change, Av Poak Average at
axes) {fusec) {G) (@) (sec) Comments
Longitudinal 50 0.104 Triangular
{Cockpit) decaleraticn
pulse:
/\ Gpaak
T
Longitudinal 50 0.130
{Cabin})
Vertical 42 0.054
Lateral 258 0.097 At calculated
aob 0.104 from known or

assumed values
for Gpeak and Av:

2{Av}

Al =
8 Gpoak

a) Light tixed-wing alrcraft, attack and cargo helicopters.

b) Other nelicoplers.

Figure D-

3.4 - Summary of Crash impact Conditions for Helicopters and LightFixed-Wing
Aircraft Design
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Compared to the figure 3.4 data, commercial aircraft size certified according
to FAR PART 25.561, Emergency Landing Conditions, Para (b) which requires that

. “...the structure be designed to give each occupant every reasonable
chance of escaping serious injury in a minor crash landing when

/ (1) proper use is made of seats, belts and all other safety
design provisions;

) {2) the wheels are retracted (where applicable);

; and

p

) (3) the occupant experiences the following ultimate inertia

E forces acting separately relative to the surrounding structure:

a

E

y (i) upward 2.0g

; (1i)  forward 9.0g

(ii1) sideward 1.5¢g

(iv)  downward 4.5g or any lesser force that will not 4
be exceeded when the airplane absorbs the landing ’
loads resulting from impact with an ultimate descent {
velocity of five f.p.s. at design landing weight."

-------------------------------------------------------------------------------

Vertical loading to 6.0g for a type I (transport) seat was later |
imposed to accommodate gust loads (Technical Standard Order TSO 37.136,
Aircraft Seats and Berths, TSO C39a; and National Aircraft Standard .
(NAS) 809, Specification-Aircraft Seats and Berths, January 1, 1959), !
3g cargo nets are used, which are also cited in the Guide as used .

by the U.S. Air Force in the USAF 463C pallet system with "statistically
rare likelihood of causing injury."

====2======2====2§E=======3===================ﬂ=====2‘-‘.=====ﬂ======2============ i

Figure D-3.5 - FAR Part 25 Critaria
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2,  Longitudinal impact with obatacles, (e.g., mountains, ground obatacles) or nose.down diving
attitude

3. Cartwheeling

Secondary impacts such as hitting a ridge after the initial crash are “generally less severe for
occupants.” Hazards from detached components (e.g., engines), penetration (e.g., by trees), and
fire and water become more severe.

STRUCTURAL DAMAGE.

In the Guide's discussions of helicopter and light fixed-wing aircraft crashes, it is stated, ...“The
structural damage that produces occupant injury is generally the same for both types of aircraft.
Structural damage in nevere accidents cannot be avoided. However, improvements in airframe
structure and optimization of element distribution can work to control the manner in which structural
damage occurs so that a survivable environment is more likely to be maintained.”

The structural scenario is one of localized deformation at contact until kinetic energy is absorbed
over a relatively long stopping distance or until enough structure is involved to produce a significantly
shorter and higher deceleration force. Likelihood of damage increases with build up of large
decelerative forces, which may in turn cause aircraft buckling and compression of the protective
cabin shell. Cabin deformation may be reduced by permitting parts to break free on impact: however,
this may produce no significant reduction in impact loads.

Variations on this Army scenario of crash loads, direction and build-up include: (1) Longitudinal:
deformation of forward areas in such a way as 1o form a scoop which picks up earth. Alternatively,
the nose might roll under the aircraft. In more direct, head-on crashes into the ground, the nose
generally deforms to destroy the occupied section. (2) Vertical: from high sink rate or roll-over which
crushes occupiable volume, or transmits high veriical loads to the occupants. (Lateral roll-over
occurs with helicopters). (3) Lateral impacts: from rotor actions or roll-over that relates to the high
center of gravity with halicopters and from spin-in with light fixed wing aircraft. (4) Lateral or
longitudinal: transverse bending loads may deform or rupture the shell; (5) Any of the crash
scenarios may create floor buckling which may degrade integrity and strength of floor structure, or
landing gear may penetrate the fuselage; and rupture of fuel or ignitable fuel containersisa frequent
cause of fire.

DESIGN REQUIREMENTS — (GUIDELINES) GENERAL

According to Guide authors, “aircraft systems should be designed to prevent occupant fatalities and

minimize the number and severity of occupant injuries to severities as were defined in figure D-3.4 to
the maximum extent practical.” Areas cited for attention include:

1. Deformation of airframe protective shell in a controlled, predictable manner to minimize forces
on occupants and maintain the protective shell, minimizing earth scooping, buckling, and failure
loading of floor structure

2. 'lNedown strength

3.  Occupant acceleration environment

4. Occupant environinent hazards

5. Posterash hazards
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Stated (helicopter) impact criterion conditiona are to ram a wall at 15 ft/nee longitudinally (similar
to low apeed auntomotive humper test) with the aircrew to both aurvive and evacunte the eockpit,
and with the airframe capnble of longitudinal (front end contact) of 40 ft/sec without reducing the

cubin compartment by more than 15%.

I
wed

Guidelines include recommendations for sufficient strength to prevent bending or buckling £ ailure,
fusclage to buckle outward rather than inward, personnel to be positioned away from likely fuselage
fracture/failures points, sufficiently strong structure provided around aurrounding exits to assure
posterash operability, and cargo tiedowns included that will restrain cargo should fuselage bending
failure occur. Other considerations are to avoid reducing the width of the occupied areas by more
than 15%, or permitting either lateral collapse or structural intrusion of occupiable portions that would
be hazardous to human life (including entrapment). Wings and empennage should fail outside the
occupant protection arca. Kngine and (helicopter) transmission mounts should stay attached and
avoid hazardous displacements. Helicopter rotor blades should not displace in 8 manner hazardous
10 occupants during rollover in roll or pitch (on sod), or from the force generated by strikes by the
outer 10% of rotor span on an 8-in. diameter rigid cylinder. Failure of the landing gear should not result
in failure of seats, restraint systems, or tiedowns. Load limiter attenuation is suggested, to contain
loads to less than those produced by 20 ft/sec vertical impact velocity.

i . -
- -
-
—a's

COMMENT: These goals offer no particular problem &8 guidelines. However, it is very likely nearly
impossible to assure that such ubjectives can be met in advance or have been met after the fact.

ANCILLARY EQUIPMENT RETENTION

Retention of anciilary equipment at criterion loads is “required.” Load limiting devices should
minimize the likelihood of equipment to enter an occupant strike envelope. Stowage should provide
easy view of the area and easy, reliable accessibility in a way that cargo ghifting or fuselage distortion
will not prevent access. Single motion, five-second removal should be provided. Stowage space for
nonrestrained items that are not regularly carried aboard an aireraft should be provided inall aircraft.
This space should be located so that the items stored in it cannot become hazardous to personnel in

a survivable crash.

Ancillary equipment includes:

1.  Emergency equipment
Oxygen bottles :
Fire extinguishers i
First aid kits ;
Portable searchlights
Crash axes

2. Survival equipment
[

Survival kits . '
Life juckets F
Locator beacons
Special clothing
Food and water

3. Subcomponents
Panel-type consoles containing control circuitry
Radio and electronic equipment
Auxiliary power units
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Batteries
Special equipment

4,  Miscellaneous equipment
Navigation kita
Bricfcases
Log books
Flashlighta
Luggage
Toolboxes

INTERFACE OF RETENTION SYSTEMS WITH AIRFRAME, AND CARGO RETENTION

Occupant retention should ensure that occupants are retained in precrash positions during cited
crash loads, Additionally, occupant/cargo retention systems that interface with airframe and cargo
restraint should utilize tie points that are integral to the frame. Load.s should be evenly distributed and {.
tie downs should handle loads at the worst case angle without yielding. Load limiters should be used

when structure of fuselage and floor is not strong enough to handle cargo crash loads. However,
nets used to restrain small cargo should feature low elongation characteristics in order to reduce
travel to & minimum. Army Guide cargo load criteria are 16 G peuk (8 ©~,,,¢) with a longitudinal
velocity change of 43 ft/sec in contrast to the USAF successful experience with 3 g systems —
USAF 463c pallet systems. When cargo is stowed behind the paesengers... “lower criteria (90th
percentile pulse) are acceptable since a net designed for a given load would be loaded to a lower
value in most accidents,”; by the same reasoning lateral restraint with a load limiter is called out as
10 G (peak, triangular; 5 G,ye) and 21 ft/sec from a 90th percentile crash.

More specific factors in retention include:

1. Crew and passenger locations relative to cargo
2.  Type of aircraft

3.  Likely crash modes versus tiedown back up structure (simplest, most effective tiedown should
be used)

4.  Type of cargo restraint criteria, aircraft response to crash load and clearance envelopes

b.  Aircraft and cargo tiedown provisions

FSUNSIPRUREISPIEES s ST PRI SR T

6. Cargo/personnel clearance envelopes
7. Type of restraint devices available (and potential for deterioration)

Cargo restraint load limiters are recommended by the authors of the Army Guide, to maintain load |
level and control physical motion of ehifting cargo to space not occupied by personnel. A buffer
spacing is recommended for personnel aft of the cargo, to allow for restraint system elasticity (for
cargo restraint with a & G rebound load). Additionelly, combining restraint devices of differing
elasticity and yield pointa of cable, rope, atrap, or chain should be considered since premature failure
of stiffer devices may set off a chain reaction. Guide authors indicate practical limits of displacement
are a significant factor in related trade-offs, but tiedown design loads may also be important.
Although the goal does not appear to be specifically related to personnel safety, the Army Guide
authors recommend desiga of the cargo floor for 16 G down-loading (peak or average not stated).
Additionally, protection against forward and lateral displacement requirements, as well ae down and '
up are not defined since they are not considered to be as prentially hazardous.
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COMMENT: The resulting Army recommendations for load limit factors are included in f igure 3.6
which appenrs to represent some kind of a two-way limit on dynamic and static loading. These
curves are used by the U.S. Army, but have not been justified as a new hasis for setting criteria.
Compared to USAF and FAA cominercinl 3 G netting restraint criteria discussed carlier, these criteria
are quite conservative. Additionally, the dramatic change in load level eriteria as the “survivable”
crash changes from the 95th percentile to the 80th percentile is puzzling. Results indicate that this
may not be truo statistical snmple. To say the least, it is unusual for a change amounting to a factor of
2 to occur in this percentile spread regardlesa of the parameter (or, in other words, accounting for
50% of the total range).

AJRFRAME PRINCIPLES AND CONCEPTS

Authors of the Guido take the position that certain criteria are applicable whether results are
approximate or precise;

1. Structure surrounding occupiable area must remain ressonably intact, without significantly
reducing space. Otherwise other “efforts to improve survivability ... are futile.”

2. Ideally, “structure should minimize occupant accelerations to survivable levels in a severe
crash environment while maintaining the required survivable volume, retaining large mass items,
interior equipment, seats and cargo,” and considering effects from roll over, cabin penetration,
etc.

By U.S. Army philosophy, aircraft structure should first be designed for normal loads, operations,
performance, space, fatigue life, etc., then secondly to handle normal payload conditions. Then “the
effects of cragh loads must be considered to determine where structural modifications are needed to
improve crashworthiness.”

COMMENT: Thie reinforces earlier conclusions of the present critique, that the new Guide gives

greater emphasis to practical improvements for safety and survivability purposes after basic mission
design is completed.

FUSELAGE CONSIDERATIONS

Design of the fuselage can control both the degree of collapse and the level of acceleration
experienced by occupants during a crash. On the one hand, selected regions can be designed to
withstand greater forces without collapee. On the other hand, deformation and collapse of other
structure in unoccupied regions can be used to improve energy absorption potential. Other variables
end trade-offs to be considered include the following related U.S. Army design concepts. However,
design considerations listed below may not be applicable to commercial jet aircraft. For example,
operating speeds for large commercial aircraft hardly make survival of a 30° impact at 130 kn landing
speeds a likely outcome; this is not unlike the evaluation by Guide authors of 100 ft free fall as
unsurvivable,

Related U.S. Army Design Concepts

Longitudinal Impact

1. Methods of reduced earth scooping for lor:gitudinal impact, including deformation control and

use of the overlap from shingling of joints in skin to prevent skin deformation leading to
scooping of earth.

2. Impact angles up to 30°, including the rapid change in pitch angle to realign the fuselage with
the impact surface, and associated

1




T TR ey s T o - - : . oy : o e
niiN T T R v ATy T ETRERT RO ST TA T T T AT e

: ORIGINAL Al 13
OF POCH QUALITY

Permisnible

contralled

displacemant
-

o

.,__‘-4: -
' " T Airerafe 7
3. floor =

“Controlled
Jisplacement
floor devices

Net restraint Lina restraint

b N I P L
Practical cargo displacement limjy——ey
{depanding on aircraft)

S T e

Acceptable failure arce

o

N
N\
W

\{\g
.

s‘\\
N

7

R
N

[_ninmm accaptable load curve

R e

hJ
»
N

.
7% 7
DaEE CUrve

Static forward load, G
[
(-3

T Lower
T T

@ Fallure load
——==Unicceptable performance
; o =——=hcceptable performance
PPN LN R SRR OIS I

91 5 10 15 20 25 0
Controlled forward cargo displacement (X), in.

Load-displacement requirements for snergy-absorbing
cargc restraint systems {forward loading of rotary-
wing and fixed-wing aircraft). 4

® Failure load
---- Unacceptable performance
- Acceptable performance

© Minimum Practical cargo ;
g 2 acceptable displacement ]
5 B8p load curve —|~""limit (depending’ i
~ on aircraft)—w
-~ & |
o Acceptable failure area
o ! ]
« ! -
- e pay e - 1
g ° N \
DI \ |
w O '

: 0 5 10 15 20 i

Controlled lateral cargo displacement, in.

Figure D-3.6 - Load Displacement Requirement for Cargo Restraints (From Army CSDG)
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® Fuselage hending failure
* Effects on floor structure
* Decrease in occupant volume
Yertical Impact '
1. More limited energy absorption stroke
* Shorter distance, fewer trade-off models
® Knergy absorption strokes can include:
* Gear
* Fuselage

* Floor

® Seat
¢ Cushion
2. Control of conditions for vertical collapse
* Dissipation of energy according to where the mass is concentrated,

* Structural design to control both elastic (recovering) and plastic (deforming) energy
absorption and for cabin integrity design to enhance absorption below floor level

Lateral Impact and Rollover Protection, from:

1. Design of butt line beams, longitudinal floor beams, and main box frames
2. Preventing intrusion by rotor blade and other external members

Other:

1. Energy absorption by incremental rotor whipping and failure, or by wing loading and failure
{wings can absorb up to 6 ()

2.  Breakaway wing fuel tanks

3. Engine mounts keeping engines (helicopter and front located fixed/wing) attached to basic
structural member

4. Rigid emergency 2xit structure to prevent deforming (to withstand at least a 5 G load) -
6. Emergency exit access for rapid egress

6. Fuel Tanks
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¢ Maximum pessible distance to occupiable areas

* Away from probable ignition sources so much aa feasible; (engine compartment,
battery, other primary ignition sources)

* Away from probable impact damage, e.g., landing gear penetration

Controlled, tank structural deformation, e.g., by regular structural shape to
minimize deformation pressure

Fuel cell supports to deform without tearing

Materials and Structural Properties

Material contributions to controlled collapse for failure modes of metallic, nonmetallic and composite
materials include:

1.
2,
3.

Controlled collapse mechanisms
Mzierial failure modes that do not produce projectiles

Joint designs and fastener selections that control failure mechanisms and minimize the
formation of projectiles

Applications of material properties for crashworthiness include absorption of energy through
structural deformation, degree of protective shell distortion/retention for the occupiable section, use
of surrounding atructure as a buffer, and occupant protective devices. Material ductility helps to
ensure that erushing, twisting end buckling can occur without rupture. Nonsparking material on
impact surfaces helps to reduce post crash fire hazard.

Examples of controlled failure modea inciude:

1,

6.

Minimize inward buckling structures, such as sidewalls, bulkheads, and floors.

-Use deforming joints and attachment fittings to control failure modes.

Minimize materiels that suddenly unload with brittle fractures, causing additional impulse effects
and potentially progressive failures in adjacent structures.

Minimize failures of members that result in penetration by jagged ends into occupied space or
fuel cells, or by failed structure or exterior agents.

Avoid excessive distortion of emergency exit surrounda that might constrain the posterash
opening, of doors or windows,

Protect flammable fluid containers from penetration

Some of the new materials characteristice and trade-offs that are already recognized are;

1.

Structural designs may also contribute to controlled deformation.
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2. Componites save weight, but have different strength versus duetility properties. Additional
energy abrorbing matorial in atvategic avens may become nocessary. Solected energy md load
limiting absorbing concepta from the Guide are prosented in figures D-3.7 and D-3.8.

3. Alternatively, filler materinls such an honeycomb and structural feams may achieve adegqunte
onergy nbsorbing performance. However, mission requivements may limit nse,

4. Thermal mismateh of new materials may become a problem from unequal expansion and
contraction due to normal temperature changes. Representative characteristios are provided in
the Guide.

Controlled deformation for helicopters can permit full use of the landing gear in a vertical stroke for
some impact modes, Use of landing gear for energy absorption offers, potentially, & large absorption
fuctor for vertical londs (e, an 18-in. atroke, 18.26 G pesk, 9.126 G aver Joud limited gear at 100%
efficiency would totally absorb a 42 ft/sec impaet velocity). However, little advantage from landing
gear failure is suggested for longitudinal impact — at 160 mph, landing gear failure is suggested by
the Guide to nbsorb only 1% of the kinetic energy. Additionally, avoiding hazards from gear failure ia
identified as a significant problem; the recommendation is a design that keeps the gear away from
the fuselage or from flammable fluids, or even scts up the gear to be carvied away on impuct.

COMMENT: Distinctions in operations and design on the one hand and in inherent structwal flexibi lity
and ductility on the other hand, when comparing large flexible body aircraft to the rigid body small
aireraft, will make a great deal of difference in both the type, quality, and degree to which the above
structural fentures might be beneficial. For example, landing gear are specifically identified as a
potentially large energy absorber in the rigid-body nireraft for low speed vertical impacts, but offor
iittle energy nbsorption at “high” speed horizontal impacts that approximate stall speeds for large
commercinl transports. Also, landing gear location and the conditions of impact offer a different
situation so far as gear failure is concerned. Guidelines regarding nonintrusion are similar to existing
FAA requirements, ¢.x., ronintrusion of gear into the electrical and fuel systems when the genr faila.

Accordingly, this section of the Guide offered a number of guidelines and qualifications that bear
consideration in design. However, quoted criterin levels cannot be applied to commercial nircraft
unless research can establish levels appropriate to large flexible-body aireraft.

EVALUATION TECHNIQUES
ANALYTICAL METHODS

Simulation may be by analytical models, seale models, computer models and full-senle tests in order
to provide both observation of complex interactions and a rational basis for the sequencing of events,
londs and modes of failure. Volume 118 of the Guide presents a major section on the basic elements of
some of these mothoda, They will not be abstracted here.

As outlined in the Guide, numerous computer simulation sodels in particular are boing developed for
use in aimulation evaluations, Some are being developed for support of preliminary design studies;
others for more sophisticated uses. The five main classes of models that are used include:

1. Simplified apring masa models

2. Generalized apring mase models

d. Hybrid models
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Figure D-3.7 - Examples of Energy Absorbing Devices (From Army CSDG) i
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4. Frame typc models
6. Finite-clement models

The first two classes differ in level of detail, Frame type models use beam elementa instead of spring
olements and lumped or rigid body masees at beam element intersections. They may be two-
dimensional or throe-dimensional. Hybrid models require static component tests to obtain
mechanical properties of structure. The finite-element approach uses more formal approximation
approaches for more discrete definition of structural representation and properties. Finite-element
models tend toward increasing complexity and computational cost. However, none of the modeling
procedures is totally free of testing requirements and analytical judgment. The reason is the
extremely complex process for vehicle structure deformation under crash loading, which involves:

1. Transient, dynamic behavior

2. Complicated framework and shell assemblies
3. Large deflections and rotations

4. Extensive plastic deformations

COMPUTERIZED METHODS OF ANALYSIS (State-Of-The-Art Summary,
Not From Guide)

Impact dynamics of a real crash involving complicated structural design are too complex for manual
analysis; however, modeling methods offer an eventual capability that could provide a simulation of
all the dynamic interactions. For example, numerous dynamic models of the human body have been
developed for crash impact analysis to predict the response of the occupant, restraint and/or seat
systems.

One-, two-, and three-dimensional models have been developed. More broadly described in this
present report are:

1. Dynamic Response Index (DRI) (cef. D-5)
2. SOM-LA (Seat Occupant Model: Light Aircraft) (ref. DN

3. PROMETHEUS (now PROMETHEUS IlI, two-dimensional mode with restraint performance
integrated with body dynamics and other cutputs similar to SOM-LA) (ref. D-8}.

Occupant Modeling Summary

Three occupant-simulation computer programs are evaluated in following paragraph with regard to
their ability to produce useful engineering trade-off data regarding relative safety of a restrained
oocupant: a one-dimensional model (DRI), a two-dimensional model (PROMETHEUS 111) and a three-
dimensional mode! (SOM-LA).

The one-dimensional (DRI} model is usable only for seat ejection evaluation and is of no use for
evaluating the safety of commercial aircraft. The two-dimensional model (PROMETHEUS 11I) is
suitable for producing sophisticated engineering trade-off data and is being used for this purpoee,
subject to the limitations imposed by the two-dimensional nature of the simulation. The three-
dimensional model (SOM-LA) needs modeling improvements before being usable for engineering
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purposcs. The needed improveinenta are technically difficult and fall into the realm of applied
resenrch. Although SOM-LA is not currently adequate for cvaluation of restraint aystem
performance, it provides a rough approximation of the grosa motion of the occupant for purposes of
olaining the dynamic loada on the seat structure.

The possibility of merging these programs with a large tinite-element computer program such as
DYCAST is also considered and a procedure for accomplishing the merging is proposed.

Program Calibration

Computer modeling of transient structural dynamics is a relatively new technology, and standards
defining what is a good structural dynamics computer program are still evolving. (Occupant-
simulation is a apecial type of structural dynamics). As a consequence, each new structural
dynamics computer program must individually earn acceptance in the engineering community before
its calculations will be utilized by designers.

There are two aspects to acceptance. First, the program must produce believable results. That is,
predicted dynamics should appear reasonable and credible to the designer and the designer should
be confident that the program models the main dynamic effects. To enhance_believability, the
program output should contain, in readable form, information which assists the designer to
understand the dynamic events (such as time-histories of system forces). Graphic aids are
also helpful.

The second ingredient vital to engincering acceptance is demonstration of program accuracy, That
is, demonstration of capability to reasonably predict an actual test. Achievement of predictive
accuracy is usually a very difficult and time consuming process for occupant-simulation codes
because of the nonlinear nature of the problem and the difficulty in obtaining measured values for
dynamic parameters. The calibration of the PROMETHEUS Il occupant-simulation computer
program will be described to illustrate how this process might work.

Instrumentation data from several sled tests were obtained from the Federal Aviation Agencies Civil
Aero Medical Institute (CAMD). Physical data for the anthropomorphic dummies were obtained (limb
weights, measurements, spring constraints). Properties were estimated where measured data could
not be found. One of the CAMI tests was then gimulated by PROMETHEUS.

When the initial simulation did not provide satisfactory correlation with test data, the problem was
attacked from two directions. First, it was evident that the restraint system model in PROMETHEUS
was inadequate, so a more sophisticated mathematical model of the lap belt and shoulder harness
was developed and added to PROMETHEUS. For example, the lap belt was refined to permit the
slipping associated with submarining, the shoulder harness was refined and chest/shoulder flexibility
was added to appropriately incorporate harness/body interactions and slipping of the harness on the
ghoulder.

The second approach, which was attempted concurrently with the first, was to parametically vary the
mechanical properties of the simulated occupant (such as neck stiffness and damping) in
PROMETHEUS simulations and note the resulting trends. The parametric variations helped provide a
feel for the occupant dynamics and served as sensitivity studics to identify the important dynamic
parameters. Some dynaric effecta were observed which were not influenced by the parametric
variations; additional modifications were made to the mathematical modeling in PROMETHEUS and
parametric evaluations completed to approximate these effects. Additional cycles of modeling
improvementa/parametric variations continued until correlation with actual test data was achieved.




The resulting modeling changes to PROMETHEUS were quite extensive; so much so that the
correlated model was renamed PROMETHEUS III. Figure D-3.9 summarizes the parmmetric
variations und modeling changen required to achieve calibration.

After calibration, an independent test case was simulated with PROMETHEUS, producing good
agreement with actual test results involving a real Part 572 dummy in sled testing. Figure D-3.10
indicates the correlation finally achieved.

Review of Occupant Simulation Computer Programs

Three occupant-simulation models are reviewed in following paragraphs. These consist of a one-
dimensional model (the spring-mass model associated with the Dynamic Response Index (DRI), and
a comparison of a two-dimensional model (PROMETHEUS [I) and, a three-dimensional model (SOM-
LA),

The models are examined from two viewpoints — first, as a tool for engineering design of a
seat/restraint system, and second as a possible candidute for integration into a. large structural
dynamics simulation computer program in order to model the complete system {aircraft, seat and
occupant) in a single simulation.

One-Dimensional Model (DRI) — A one degree of freedom dynamic-response model of a human
occupant has been proposed (vef. D-5). The model consists of a simple linear spring and damper,
and a point mass, The spring is sized by the compressive stiffness of the lumbar vertebrae and the
damper is gized by human vibration tests,

The DRI is an injury scale associated with this model. The DRI for a deceleration pulse is the ratio of
the peak compressive spring force which occurs when the model is excited by the pulse to the
weight of the point mass. To associate tolerance levels with the DRI, the DRI waa calculated for
exiating ejection seat designs. The computed DRI values were plotted against the percentage of
ejections in which spinal injury occurred; the curve thus obtained represents an approximation of
injury probability as a function of DR,

Both the simple occupant model on which the DRI is based and the DRI itself are very limited in
application: the simple model could only be used for cases in which the loading is purely vertical, that
is + G such as in ejection seats. It is obviously not applicable to model a restrained occupant under
forward loads; in this case the main effect is the combined stiffness of the restraint syatem and the
occupant’s pelvis/cheet. Even for +G, acceleration the model is difficult to use since potentially
significant effects, such as the effect of seat pan stiffness, are neglected.

The DRI is based on a model which does not adhere closely to the actual dynamics of an ejection,
The seat pan stiffness is not considered, nor is the distribution of body mass along the spine or the
weight of the occupant. Thus, the DRI can be expected to produce useful data only in crashes which
are pretty much like a seat ejection ~ that is purely + G, acceleration, seat pan stiffness similar to the
stiffness of a fighter pilot's seat and the occupant strapped tightly in.

The Army Crash Survival Design Guide says of the DRI:

“Although the Dynamic Responee Index (DRI) ... is the only model correlated extensively for
ejection seat apinal injury prediction, it has serious shortcomings for use in accident analysis. It
assumes the occupant to be well restrained and erect, so that the loading is primarily
compresaive, with insignificant bending. Although such conditions may be assumed for
ejection seats, they are less probable for helicopter crashes, in which an occupant may be
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Computar Graphic Output and Calibration With CAM! Data
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lenning to either aide for better visibility at the time of impact. Further, the DRI was correlated
for ejection pulses of much longer duration than typical erash pulses.”

*A more detailed model of the apinal column would yield more realistic results, but injury criteria
for the more complex responses have yet to be doveloped. Consequently, the DRI is not
recommended as the criterion for use in designing crashworthy seats.”

Review of Two-Dimensional and Three-Dimensional Occupant Simulation Computer Programs — The

following discuseion reviews and compares the two-dimensional program PROMETHEUS III
(ref. D-8) and the three-dimensional seat-occupant model — light aircraft (SOM-LA) (ref. D-7).

PROMETHEUS I wae developed at Boeing in a series of applications for varied purposes, starting
from the Dynamic Science program, SIMULA. The focus of the moat recent, PROMETHEUS III, has
been on aceurate modeling of the occupant and restraint system, PROMETHEUS 11l has since been
used extensively to develop data for assiating in engineering design decisions.

SOM-LA development was sponsored by the Federal Aviation Agency through a series of contracts
with various companies and universities. The emphasis in SOM-LA development has been on the
detailed seat model. A new version of SOM-LA, termed MSOM-LA was completed under number
DTFA03-80-C-00098. The occupant model has been upgraded in MSOM-LA.

Development of Basis of Evaluation ~— Boeing is one of very few places that an occupant
sunulation computer program (PROMETHEUS III) has been developed and demonstrated
sufficiently to be used as a trade-off tool in the engineering design process. This experience is
drawn upon to establish criteria for continued evaluation of occupant-simulation computer
programa,

The design questions for which PROMETHEUS III simulations were employed to provide
engineering data were quite varied; the common denominator was that all questions related to
relative occupant safety. Of course, and due in part to the limitations of existing human tolerance
data, it is rarely posaible to predict with certainty whether injury would have occurred in a given
crash on the basis of a computer aimulation: similar questions may also be unanswered in dummy
tests. However, in most cases, computer simulation is the only practical method for obtaining
trade-off data for specific questions, and on a timely basis.

To be usable for this sort of design question, an otcupant-simulation computer program requires . _ .

two major attributes.

First it nrust be able to moedel a very general structure {not juat a seat), and be able to model contact
between the occupant and any part of the structure, (For example, impact of an occupant with the
seat ahead).

The second feature is that the program must provide data which may be used for estimation of
comparative injury potential, This means that:

1. The program must have been calibrated by predicting to test daia (preferaliy from live human
teats or from dummies demonstrating at least partial correlation with L.uman data).

2. Time-histories of forces acting on individual body segmenta of the occupant model should be
printed and/or charted.

3. Time-histories of torques acting in joints of the occupant (e.g., the elbow) should also be
printed andfor charted.
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4. 'Time varying internal loads acting on floxiblo body segments (such as the lumbar spine) should
be printed and/or charted.

Of course, the standavd software featuree relating to ease of program uso are also desirablo — that
in, ease of input, nutomatic data checking, legibility of output, and avnilability of graphic sida.

Comparative Evaluation of PROMETHEUS Il and SOM-LA — Figures D-3.11, D-3.12, andD-3.13

constitute checklists of features needed for engineering design usage of occupant-simulation
computer programs, Checklist items were obtained pragmatically from experience in using
PROMETHEUS I to develop design trade-off data, The amount of use of PROMETHEUS 111 justified
incorporation of most checklist items into PROMETHEUS III; consequently the lists serve mainly to
indicate desirable improvements in SOM-LA, An improved version of SOM-LA is named MSOM-LA.
The main improvement in the new mode! is an improved seat model which is capable of modeling
energy absorption. The occupant model has also been improved by the incorporation of a flexible
segment representing the lumbar spine.

The major deficiency in PROMETHEUS 1! is that it has only been possible to perform limited,
exploratory calibration against live human test data and for similar reasons limited exploration of seat
model dynamics. Added calibration of this type is desirable. A benefit is that mechanisme within the
two-dimensional PROMETHEUS III mode! are easier to comprehend than those within a three-
dimensional model, giving an added plus for initial use of a two-dimensional model in calibration
efforts. Other than development which may be required to achieve such calibration, further model
evolution must consider limitations intrinsic to the two-dimensional nature of the model and
distinguish the conditions for using a 2.D or a 3-D model. Of course, current uncertainties in the level
of human tolerance to transient loads are a constraint that must be observed for eitler 2-D or
3-D models,

SOM-LA could benefit from both human data calibration and model improvement (from the
standpoint of usefulness for engineering design). There are two major modeling deficiencies — the
restraint system model and the difficulty of modeling nonstandard seats and structure. Both
represent difficult modeling problems in a three-dimensional environment, and the methods
developed to simulate these features in the two-dimensional PROMETHEUS III computer program
do not readily generalize to three dimensions.

SOM-LA has a very primitive restraint aystem model, The restraining belts are pinned to the body,
so realistic modeling of a restrained occupant is impossible. SOM-LA also hae limited flexibility in
the type of restraint system which may be modeled. Nonstandard configurations, such as restraint
system with crotch or thigh strape could not be simulated. In addition, harness friction is
implemented incorrectly (friction is crudely snd incorrectly simulated by reducing the tension in
the strap segment running from the lap belt to the shoulder by 12%). Another serious defect is
that chest compressibility (which offects ehoulder harness loads) is not modeled.

Accordingly, this simple restraint system miodel is inadequate for engineering design use for
evaluating restraint system performance. It introduces uncertainty into the accuracy of predicted
body loads and accelerations, since the dynamic performance of the restraint systom is one of the
primary sources and conduits of transmission of crash loada to the occupant.

The second major SOM-LA deficiency is the limited seat structural configurations which may be
simulated. It is possible that more generality is available in MSOM-LA. In addition, it is desirable
that MSOM-LA be capable of simiulating contact between the occupant and an arbitrary structure
(e.., the back of the seat ahead). This finite element “contact problem” is difficult and is the
subject of current research (e.g., reference D-8).
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FEATURE PROMETHEUS 111 SOM-LA MSOM-LA
(Note 1)
I Occupant
Segment masses, length, 1,0 I,0 I,D
inertias, c.q.'s.
Mechanical properties 1,0 D D
of joints
I1 Restraint System
Mechanical properties of 1,0 I I
lap belt
Mechanical properties I,D I I
of harness
111 Seat
Geometry 1,D I I
Construction 1,0 D |
Mechanical Properties I,D I I
I¥  Crash Pulse I,D I I
VI Interactive {Conversational) X - -

input feature

P R e Y L L L L L L L L T R N N N L Ll L N A e P o

I = Input, D = Default (f.e., supplied by program)

Note-1: It is assumed that the MSOM-LA input is essentially the same
as the SOM-LA input,

S S SR NN S S S S S S N R L E R R R R TS R S TR EN S S I E R R AR IR RO RN ARSI R ERIRRITSIZTRES=3R

Figure D-3.11 - Comparison of Program Input Features
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FEATURE PROMETHEUS 111 SOM-LA MSOM-LA
{Note 1)
‘ I Occupant
Seqment cartesion position, X X X

velocity, acceleration
Segment anqular position, X

velocity., acceleration
Forces on segments X - -
Joint Torques X -
Spinal Loads X

I1 Restraint System

Lap Belt Load X X X
Harness Load X X
Belt Slip X - -
IIT Seat
Cushion Forces X X X
Reactions X X X
Nodal Forces X - -
Element Forces X - -
IV Crash Pulse X X X
v Printer Plots
Acceleration Traces X X X
(vs time)
Snapshots of Victim/Seat X - -
tocus of Segment c.g.'s as - X X

Functions of Time

-------------------------------------------------------------------------------

Note 1: It is assumed that the output features of SOM-LA and MSOM-LA
are essentially the same.

z=======a::=====::====:==s=:==:asann=a====:ua3:n=============:=a=======:=======

. Figure D-3.12 - Comparison of Program Output Features
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FEATURE PROMETHEUS 111 SOM-LA MSOM-LA

--------------------------------------------------------------------------------

I Occupant
Spinal Articulation 5 links 4 Yinks 5 1inks
Flexible Lumbar Link - X
Flexible Cervical Link X X
Automatic Initial Position X X

Generation
Compressible Chest, pelvis,

> g D€ L

II Restraint System
Realistic friction
Free to slide on victim
Webbing Stretch X : X X

> >
!
'

IIl Seat
Finite Element Model

Bar Elements

Beam Elements

Plate Elements

No. of elements in typical
seat model

Cushion

Energy Absorption

Aircraft Interior Modeled

h 1 > € D<
N € D€ D¢ <
O > >€ € <

G X**

>C DC <

1v  Crash Pulse
Translation Components X
Rotational Components -

>€ >
>C

v Calibration against
experiment
Anthropomorphic Dummy X *kk
Live Human k% - -

mmEAAM AR sARSBMReAE BAEEASARAEE. . TAAREASRSASfassSeASSSLsSESESSSsscaaanssSscSssSanen

Py L L L L L L Y L L T R Ll E et Eal b bbbl isbadia s ettt

* Growth Available
**  According to the SOM-LA developer, Or. David Laananen, this feature

doas not work in SOM-LA but does in MSOM-LA,

*** pPreliminary calibration accomplished.

ﬂ======I====3338======II==Blﬂﬂlﬂﬂa"lﬂﬂﬂllll===l=ﬁl'ﬂ===============ﬂ===========

Figure D-3.13 - Comparison of Basic Modeling Features
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In addition to these resoarch improvements, sovoral straightforward and rather ensy aoftwire
improvements would onbhasce usability of the code:

1. Calewlate and display time-historios of londa acting on the secupunt (e g., spinal londs,
segment forees, joint torques).

2 lmprove the algerithm for computation of joint torque

4. Add printer plot “snapshota” of seat nnd occupnat for appraising occupant location al selocted
times (two views) for realism und posaible comparison with slow motion movies.

Incorperation of SOM-LA into Large Crash Dynamics Code

it. may become necossary to acquire or predict dynumic interactions of occupant and floor. Simple
prodictions may be possible with SOM-LA. Action has beon started within the government with the
woul to mary the 310 SOM-LA with a large § inite-clement computer program (o.£., tho 3-D DYCAST)
in order to model an airernft evash in o gingle simulation that more properly couplos the dynamics of
the occupants and the aireraft structure,

To necomplish this marringe, it in miggested that the occupant/ restraint mudel be extracted from the
SOM-LA occupant/restraint/sent model and packnged as o “super-olement.” The oceupant super-
oloment would then be inserted into the large finite-element programs as o module, although, as
noted proviously, improvements in the SOM-LA restraint system model are needed to model
oceupant dynamics accurately. The existing SOM-LA oveupnnt/restraint system model would
probably be adequate for the purposes of calculnting the gross dynamics of the seat.

The finite<lement code would be wtilized to model the seat — that is, the SOM-LA seat model would
not be used. (This presumes the development of a general contact model to simulate forces neting
between the seat and oceupant). The contact model would be used to simulate sent cushions. This
concept has three advantages:

L Simulation of multiplo cccupants becomes possible (e.g., o triple seat).

2, Synchronization of the numerical intogration schemen (1o, the procedures for solving thoe
cquations of motion as function of time) in SOM-LA and the finite-oletient program is not
required. The integration achemo of the finite-clement program is utilized for both vecupant(s)
und structure.

3. The enpability of the finite-clement computor can be employed to muodel very general seat
demigne.

1t would be possible to use the large finitovlement program to model the eccopant. The ndvantage of
the super-clement is that occupant modaling requires some fonturea that are not gonerally needed in
general finite-clement modeling of structures, such as limits on angular motion of limbs at juints.
Moreover, occupant modeling is rather epecialized, and the correct mechanien! parameters
deseribing the occupant are not widely known (in same cases supportive dnta are not known at all
and parameters must be inferred by parametric sensitivity testing). Thus, it would be difficult fora
nouspecinlist to construct an aceurate molel.

Additional offort would be required to make the occupant superelement work: provision for
transmitting input data to the super-clement aad obtaining printouta of detailed ocewpant time-
historics it required In addition, the gmphucs output from the finite element program Gif graphics post
processing is available} must be adjuated to draw the cccnpant(s) in addition to the structure,
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Iho snme procedure could bo used to lift the two-dimensional occupant model from PROMETHEUS
1 if & two-dimensional crash aimulation wero employed. Howaever, there is little benefit to expect
from, for examplo, using such a model in an overturning or eartwheoling light ivcraft where violent
interactions of all three dimensiona of motion would be occurring.

SCALE MODEL TESTING

This third approach to evaluation is constrained by the dynamic operation of all system elements in
impact loading. While used in other arens of testing (uerodynamic, bridge design, buildings, ete.)
crashworthiness testing using scale models is more difficult, and credibility becomes more auspect
when plastic deformation and rupture may eccur in the real envirenment. Such parameters are very
difficult to represent in a seale model. Appropriately approximating the materinl properties in scale
models is very difficult.

TESTING

There will remain vast differences in opinion regarding the degree and type of testing needed to
dentonatrato suitability of a givon design. Authors of the new Guide take the position that testing,
including “instrumented full-scale crash tests should be conducted to verify analysia performed and
to substantiate the capnbility of the aireraft system to prevent occupant fatalities and minimize the
frequency and severity of occupant injuries during crashes of ... criterion level soverity.”
Instrumented drop tests for landing gear should be conducted to verify analyticnl predictions and
performance to G eriteria, including, 20 fthsin sink rute with 10° nose down and 10° roll, A drop test
to a nink speed test of 42 ft/sec with level attitudo should also be conducted. (Helicoptor is implied
for drop testa by reference to rotor lift). Static tests for restraint systems arc recommended to
design loads, with “sufficient dynamic tests” to confirm that analyses are supported by static test.
Static tests of components tied o structure by their normal attachment provisions'should be
required’ to demonstrate compatability. Proof londing inatead of ultimate crash design londs ia an
acceptable minimum condition.

Design checklists are provided to more easily record and check performance to the nbove
conditions. Fuel cell considerations are added. Fuel coll items are to keep fuel away from impact area
and from occupiable arcas, with containment emphasized (e.g., avoid projections that might
puncture; use frangible and self-sealing couplings where scpuration might oceur).

COMMENT: Army full-scale testing of small, relatively inexpensive vehicles uses drop towers or
swingp, and testing is obvioualy drnmatically different in achievability and cost for their helicoptor and
light fixed-wing aircraft. The contrasting situation is the very large and expensive vehicles that can
not be readily poeitioned on & drop tower or a pendulum swing, such as the large aireraft in Air Foree
inventory and large commercial aireraft where full-scale impuct testing is not done. Certainly, there
are many order of magnitudes of difference in complexity, test systems, data interpretation for uny
serious attempt to do testing with a large, flexible-body nireraft system with extensive structure and
complicated structural dynamics.
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4.0 HUMAN IMPACT TOLERANCE AND PROTECTION
IMPACT TOLERANCE CONSIDERATIONS
CRASH ENVIRONMENT |

The Army aircraft impact loading scenario varies, Severe impacts more typically include a sequence
of events, including: (1) landing gear stroke and.wheel failure, (2) fuselage, with both ground and
fuselage deformation, and (3) energy absorbing stroke of the seat. For Army aircraft, high
longitudinal and lateral loads may be applied to the seat after gear and fuselage deformation — some
military aircraft use a “well” or depression in the floor to provide stroke distance, and stroke control
then becomes important. Additionally, allowing any more longitudinal or lateral deformation “than
necessury could increase the risk of head or chest impact un surrounding structure.” Stroke limiting
and load limiting trade-offe may become necessary.

Crash load trade-offs for the Army's light aivcraft as described in the Guide, are based on a seriea of
worst case situations for each of several components with little or no accumulative “credit” for
beneficial features for each that contribute to an overall improvement. Thus, design criteria are
specified for components, as well as for the entire system. One example given as a justification is
gear stroke and failure that may occur in a way contributing to lateral loading, such ae from a single
gear failure, or from hitting the ground with a high roll angle. In helicopters, continued rollover.
appears common, even without added impulse from the main rotor blades after gear failure.
Accordingly, the Guide authors have concluded that multiple directional, complex, and violent crush
kinematics of Army aircraft {including flip over or upside down impact) demand strength requirements
in all directions, including upward anc. aftward, Lower impact load criteria are imposed for those Army
aircraft that are less likely to encounter aome of the conditions. Crash environment studies for Army
vehicles also distinguish between impact loads for light fixed-wing aircraft and helicopters. Fixed-
wing stall/spin accidents can produce high lateral loadings with resultants in the longitudinal/lateral
(or yaw) plane. Helicopters show a high incidence of side impacts or rollover after accidents.

IMPACT INJURIES

In Army systems, head injuries were the leading cause of major and fatal injuries, accounting for 31%
of all fatal injuries. Leg and chest injuries tended to be next, varying in rank froni one airplane to the
next.

Breakdown of injuries according to sircraft type demonstrated that serious vertebral injuries were
lower for light fixed-wing aircraft and cargo helicopters then the others. The rationale presented is
that the stalllspin characteristic of the fixed-wing rircraft and the larger crush distance beneath the
floor of the cargo helicopter reduced vertical loads.

HUMAN TOLERANCE TO IMPACT

Discussions of hurian tolerance point out that in apite of the multitude of experimenta, few criteria
useful in system design have been developed and validated,

Tolerance data presented are relatively atandard in the literature, most particularly from a summary
reported by Kiband (figure D-4.1, from the U.8. Armiy's Aircraft Crash Survival Uesign Guide, alsc
used in ref. D-3). These authors reference conditions where injuriecr have occurred in some
particular cascs as a basis for avoidance. Reported are bases for Head Injury Criteria (HIC)
{recommended), and DRI for spinal injury criteria (not recommended, see “Evaluation Technigues®,
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page to como). In the Guide, leg injury criteria are established at 2000 Ib for time less than 20 meec.
“Although some research has been conducted on the tolerance of othar body parta, such ne the
neck, thorax and abdomen, well defined valid criteria have not been established.” Variations in leg
injury data presented in the Guide illustrate the point. Additionally, numerous related literature
revicws have been conducted. Results from an Aerospace Industry Association Study by the
Transport Airworthy Requirements Committee (AIA-TARC Study, ref. D-8) are repeated in Figure
1)-4.2 for information purposes.

Actually, data regarding human tolerance to impact still leaves many areana for uncertainty and
disagreements. One obvious difficulty ia that stressing the live human body to tolerance limits is
impoasible. Tests with volunteers are necessurily at subcritical levels. Accordingly, animal research
has provided much of the data that is used. Additionally, human cadavers have been used as test
specimens, However, age, sex and state of health for live people (and for cadavers) can influence
tolerance. Additionally, mathematical models and anthropometric dummies are being used to
develop better understanding of the kinematics and forces involved and to develop an improved
mechanism for injury prediction.

Overall probability of survival depends to a large extent on manner of restraint, particularly to control
the upper and lower torso and protect the head and chest. Strongest restraint load points for such
control are the pelvic girdle, the shoulder structure, and the rib cage. Restraint effectiveness is
related to contact area and force distribution, the body location for application, and the degree to
which residual movement is controlled. However, protecting the arms and legs from contacting the
interior during flailing is concluded by authors of the Guide to be extremely difficult; in most cases,
the cocoon that would be required to produce such containment is quite impractical. Another
problem is caused by loose restraint, which contributes to magnified accelerative forces, The abrupt
halt in forward occupant motion with the taking up of the slack in restraint then magnifies restraint
loads on the body and on the hardware — a condition called dynamic overshoot.

The authors of the new Guide indicate that their main areas of concern for configurations featuring
only a lap belt are the potential for head injury and the potential for submarining. They urge use ofa
shoulder harness in addition to the belt as a favored solution, although it is recognized that
connecting the harness to the belt buckle will pull it up and increase potential for submarining —
which could load up the abdominal wall as well as flexing the spinal column, To counter this potential,
a lap-belt tiedown is recommended by the authors of the Guide, and is actually used by all services,

COMMENT: In a survey conducted for the TARC 216-10 study, leading experts in the field were
specifically questioned about this, with none reporting to have observed submarining when only the
lap belt (without shoulder harnese) was used. Trade-offe of belt-harness characteristics will be
presonted in a later paragraph.

WHOLE-BODY ACCELERATION TOLERANCE

The Guide authors emphasize a fact that is seldom discussed. Whole-body chest-to-back tolerance
has been demonstrated to be as much as 46 G for pulse durations less than 0.044 eec. This
decreases to 25 G for 0.2 sec. Some debilitation and injury may occur at these levels. In other
words, survivability is not a nice simple constant that is readily engineered, and man is not
necessarily a 46 G aystem.

Tolerance estimates for aftward loading (eyeballe in) are not accurately established. Forces of 83 G
for .04 sec has been experienced in & backward facing seat, followed by debilitation, shock and
on-the-scene medica) treatment. Accordingly, the authors estimate tolerance to be between this
83 G and the 46 G, 0.1 sec condition accepted for the forward facing case.
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Vertical (eyeballs down) loading threatens lumbar compression fracture, again with a variable range
for injury potential; potential for visceral injury is also greater, since vertical loads place a greater
atrain on the suapension system. Eyeballs up loads are on the order of 15 G for 0.1 sec.

Lateral accelerations are less well explored. Volunteers, with only lap belts, withatood 8 G for
0.1 sec. With belt and shoulder harness they withstood 11.6 G for 0.1 sec. Other, lesa well
protected lateral impact cases have apparently suffered serious injury.

From the information presented by Guide authors, rate of onset for the force also has an influence,
although one that is not well understood. Rates a8 high as 28,000 G/sec have been aurvived under
very special circumstances which provided an exceptional distribution of body loads. In general,
lower rates of onset are preferable.

According to Volume 1I of the Guide several scales have been proposed for tolerance of various body
members:

1. Head-Windshield Impact:  Gadd Index
J-Tolerance
Effective Displacement Index
Wayne State Tolerance Curve

2. Neck Impact: No index. Two studies of tolerance to rotation
3. Chest Impact Abbreviated Injury Scale
4. Abdominal Impact Little Data. Marked disagreements between investigators.

5. Spinal Injury Potential Models estimating loads available
DRI (spinal deformation, force) (simple model of complex
system)
Wayne State University two-dimensional model
Air Force Head Spine Model

6. Leg Injury Femur Injury Criteria Peak load of 1700 pounds

COMMENT: Results from using such scales provide guideline information that can be used for
*order-of-merit” purposes. Some unpublished reports suggest that further research and
development might be warranted; factors of two or more difference between resulting “criteria” and
undamaged survival are not unusual.

OCCUPANT MOTION ENVELOPES/STRIKE ZONES FOR PROTECTIVE CONSIDERATION

Since kinematics of body action can be violent, dynamic responses of the body with different
restraints have been evaluated to define the motion envelope (including flailing) of all body parts.
Earlier discuseion pointed out that containment of limbe was difficult-to-imposeible. Lateral
displacement of the upper torso may be extensive, even with & shoulder harness. However, rlearing
the strike zone of structural parts may not be feasible. The alternative is to design 8o that injury
potential is minimized, .g., by energy abeorbing supports and padding material.

“CLEARED/PROTECTED"” (Strike Zone)

Body strike zones are defined for a 95th percentile Army aviator during a downward acceleration,
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wenting 1 restraint systom connisting of & lap-belt, croteh strap and shoulder harness. A lnp-belt-only
configurntion strike zone is used for older Army aireraft. (fig. D-4.3). Hazards are rated an primary
(threat to head and chest), secondary (lower extremity injury ar entrapment), and tortinry (upper
limbs). For Ariny purposes, hend protection is considered cnsentinl, naing helmets, padding nnd
snergy absorbing structure.

Arcas identified for flight crew protective measures include the instrument panel (padding, £ rangible
trenkaway or ductility), rubber pedals (avoid crushing entrapment), contrel column (break 4 in.
above the pivot point, none through the instrument panel), For the gunner, identified areas include
eyepiece location, inertial harness, a power haulback inertial reel, inflatable restraint to reduce slack,
frangible/ breakaway/collapsable features (not to exceed 600 1b of force).

200

HUMAN BODY DIMENSIONS AND MASS DISTRIBUTION

The Army Guide uses specific criterion dimensions for design of physical or mathematical simulators
of the body. Details are reported in the Guide and will not be presented here, Those presented cover
male U.S. Army aviators and soldiers for 5th, 50th and 95th percentile and 8o ave not approgriate for
women. Also, information on complete dimensional movement (e.g.. shoulder joint ranges of motion)
is presented, as are inertial properties.

HEAD-IMPACT HAZARDS PROTECTION

Geometry of probable head impact surfaces is distinctly different from the flight deck to cabin areas.
Contact hazards in the U.S. Army inventory in 1065 were identified as including the following:

Flight Deck: ~ Window and door frames, consoles, control columns, seat backs, electrical
junction boxes and instrument panels.

Cabin Area: Window and deor frames, seata and fuselage structure,

Protection can be provided by energy ebeorbing padding materials, frangible breakawany panels,
smooth contoured surfaces or ductile materials in such typical hazard areas.

OTHER IMPACT PROTECTION

Concerne as expressed in the Guide include:

1.

Instrument Panel Structure; Consider use of energy absorbing padding, frangible breakaway
panels, or ductile panel materials.

Rudder Pedal Protection: The Guide maintains that, unless a tiedown strap is used, pelvic
rotation will almost invariably occur with feet on rudder pedals and with forward and downward
loads, especially if belt is loose. To avoid complications frow the various possibilities, the pedal
should support both the ball and heel of the foot. Potential for entrapment or crushing of the
seat ahould be considered.

Control Columns: Control of fracture poiut to near the pivot point is urged. Panel mounted
controllers are not recommended; fracture consequences are considered too uncertain by the
Guide authors.

Sighting Systems: Location and frangibility and restraint power haul back inertial reel.
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For cockpit and cabin interior, encrgy absorbing padding were recommended in the Guide for use
within the etrike zone, Desired characterintics included:

1. Adaplability and case of processing

2. {Hligh energy dissipation

3. Effective load distribution

4. low rebound

5. Temperature insensitivity

6. lLow water absorption

7. Resistance to chemicals, oil, ultraviolet radiation, and sunlight

B. Nontoxic fume generation

9. Favorable flammability rating
10. Minimal smoke generation
11. Durability and long life
12. Cost competitive
13. Aesthetically acceptable

CRASH TEST DUMMIES

In spite of their limitations, dummies remain one of the primary test tools for dynamic tests. Karly
dummies developed in 1949 have progressed through several evolutions to a standardized, more
sophisticated dummy specified for the Federal Motor Vehical Standards (Part 572) by the National
Highway Traffic Safety Administration. Several more recent designs have emerged, all with the
objective of improving dummy response and repeatibility of performances. Some compurison of
dummy and cadaver response has been accomplished. Comparison tests of dummy designs have
been produced, demonstrating among other things that complex dummies increase the number of

test variablea to a level that may exceed experimenter ability to control the variables or understand
the interactions in results,
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5.0 ATRCRAFT SEATS, RESTRAINTS, LITTERS AND PADDING

This section of the Guide commences by emphasizing the subsystems that interface with
occupants, {including the controls as well as seata, restraints, litters and padding) and also the
basic operational differences botween crew seats and passenger seats, It distinguishes between

. . passenger seats and litters for transport and crew seats, emphasizing that the crew’s functional
requirement and operational responsibilities are "of higheat priority” while maintaining that
comparable “crashworthiness” protection is needed.

BACKGROUND DISCUSSION

Introductory comments in the Guide express the position that a complete systems approach must be
employed to include all influencing parameters, including economic restraint, concerned with the
design, manufacture and overall performance of the aircraft in meeting mission requirements.
However, an accumulative systems capability to protect or absorb energy is dissllowed; maximum
capability from each component is emphasized.

The intent of this section is to define minimum crash energy absorption “requirements” for seats
and restraint systems. Specified strength requirements ure based on the crash environments
adopted in the Army guide update, as are test requirements.

COMMENT: The seat design requirements stated in the Guide are based on the extreme crash
loade postulated to occur in the “95th percentile survivable Army light aircraft crash.” No
recognition ie given to the drastic differences in peak lcads from the 95th to the 90th percentile
which suggest that the 95th percentile used in the Guide may deviate so far from the normal (and
implied) use of such statistics as to be unrealistically and excessively high as a criteria. Other
guidelines are also influenced by the assumed load levels. The Guide strongly suggests that seats
should be designed with a vertical energy absorbing stroke to mitigate the assumed high vertical
loads; little discussion is given to interaction between vertical and other dimensions during the
stroke. Better understanding of the influence and meana of controlling such interacting
parameters is needed. i

SEAT INSTALLATIONS

Per military specification, “each seat occupant is to be provided with a survivable environment ]
wheii the aircraft is subjected to a 96th percentile potentially survivable impact.” This will require
energy absorption and maintenance of *un-intruded” living space to avoid debilitating injury that
might preclude timely egress after crash impact. Candidate methods are many; sufficient
abeorption by landing gear and structure could leave little requirement for energy absorption in
the seat. The converse also holds, requiring a long seat stroke, Restraint design loads transmitted
through the seat to the structure are anothier variable.

) Vertical energy absorption is mandatory in Army aireraft seat component specifications because
- landing gear also might fail; a 12.in. minimum stroke is recommended, but may be precluded by
desired positioning of the seat within the aircraft.

e e 4t Bt eda - o A n chaal madram t

COMMENT: The objective correlates with a total airplane objective but continues to leave questions

oo regarding statistically unusual and dramatic differences between 90% versus 95%. It does not provide
assurance that these "whole body” loads define seat loads, and leaves in doubt the accumulative
effect of such elements as slack or miapositioned harness which may be beyond the control of the
designer.

i
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PRIMARY DESIGN CONSIDERATIONS

Primary deaign considerations for protection inelude the design of the seata to be retained in position
ana usie of an integral meana of crash load attenuation, Additionally, the occupant's strike envelope
should be “delethalized”, a term interpreted by the present raviewer to mean padded, frangible,
and/or ductile or otherwise designed so as to aid in the prevention of serious injury. Structural
distortion ia discussed in terms of its possible benefita for energy attenuation but also of concern is
the extent of and effects of intrusion into the occupant envelope. Trade-off studics are neccssary.

RESTRAINT/SEAT/LITTER/PADDING DESIGN CONSIDERATIONS

The U.8, Army's position is that occupant protection and survival should be a primary design
consideration for sents; seats should “be retained generally in their original positions within the
aircraft throughout any survivable accident.” Additionally, “the seat should provide an integral
means of crash load attenuation and the occupant's strike envelope should be delethalized.”

Seat comfort is considered a pilot's safety-of-flight factor, reducing potential for pilot fatigue in &
short time period, rather than a crash safety design factor. Pilot comfort “must not be unduly
compromised to achieve crash safety.” Back angles over 13° and thigh tangent angles 5 to 20° are
recommended in the Guide. (Influence of seat angles will be discussed later).

Seat comfort is considered a pilot's safety-of-flight factor, reducing potential for pilot fatigue in a
short time period, rather than a crash safety design factor. Pilot comfort “must not be unduly
compromised to achieve crash safety.” Back angles over 13° and thigh tangent angles 5 to 20° are
recommended in the Guide. (Influence of seat angles will be discussed later).

Flight crew seats are typically adjustable, tc lucate the eye position for any precentile body size at
the design eye point.

COMMENT: Comfort and safety requirements may be in opposition, as is the case for the seat back
angle and for the rigid foam needed for energy absorption versus the soft foam desired for comfort.
Alternatively, discomfort may lead to erroneous adjustments and improper use of the protective
designs. Accordingly, to some extent, a design may reflect trade-offs related to the unique
application.

DESIGN PRINCIPLES FOR SEATS

The Guide authors point out that seats face any direction, and that forward facing is most
common, but prefer aftward facing. Aft facing seats provide *maximum contact area and support.”
For forward facing flight deck seats, the authors also recommend a lap-belt tiedown (crotch) strap
for flight crewmen and consider lap-belt-only restraint undesirable; both upper and lower torsc
restraints are recommended. They consider side-facing seats least desirable but suggest that when
side-facing seats are used, an upper torso restraint resisting forward motion is needed. Ductile
materials (for energy absorption) featuring at least 10% elongation are recommended for all
critical members in the primary load patha of nonload limited seats, and featuring at least 5%
elongation for loadlimited seats).

Seats

For Army purpoees, Guide authors state single occupant seets are preferred in order to avoid
complicated energy absorbing situations that may occur for multiusit seats that are not fully
occupied. Guide authors considered it desirable that all seats face in the same direction to protect
occupants from loose equipment,




Aftward facing scats were preferred when practical, to “maximally distribute body contact area.”
Forward facing seats were considered to afford “adequate protection by the use of a restraint
syatem consisting of shoulder straps, a lap-belt and a lap-belt ticdown (crotch) strap.” The authors
coneider lap-belt-only restraints undesirable.

COMMENT: Many systenis aceept this configuration with an energy absorbing surrounding area.

Forward facing seats with adequate restraints are acceptable as a second choice to aftward facing

seats, When single diagonal upper torso restraint is used, it should pass over the outhoard shoulder
to contain lateral impact or protrusion outside the aircraft.

Previous side facing seats were provided with lap-belt restraint only. This arrangement was
considered by Guide authors to be inadequate, and least desirable from the crash safety
standpoint; however “when no reasonable alternative to their use exists, adequate restraint must
be provided. If a single, diagonal upper torso restraini. ia used, it should be piaced over the forward
facing shoulder” (relative to the aircraft).

Shoulder harness provides minimal protection to abrupt acceleration in the side facing
configuration. Lateral torso movement should be minimized or prevented.

Litters

The supine position that litters provide is ideal for resisting vertical impacis. The supine position
allows maximum possible contact area and force distribution, and forces are transverse to body.

Lateral installation should be provided. It would prevent. body from sliding off the litter
lengitudinally, and prevents the litter from sliding and/or repositioning to become completely
detached from supports.

STRUCTURAL CONNECTIONS

Seat Attachment — Cockpit seats are floor or bulkhead mounted. Cabin interior seats may be: (1)
suspended from the ceiling with energy abeorbers and wall stabilized, (2) suspended from the ceiling
with energy absorbers and floor stabilized, (3) wall mounted with energy abeorbers, (4) floor
mounted with energy abeorbers, or (5) ceiling and floor mounted {vertical energy absorbers
aboveand below the seat). '

Suspension or mounting of all seats should not interfere with rapid ingress or egress.

Hardware Materials ~ Material selected for attachment of webbing should be ductile enough to
deform locally, particularly at stress concentration points. Thie ductility is not as criticai when
energy abeorbing provisions are incorporated into the seat. On the other hand, consistent use of
ductile materials avoids the possibility of non ductile materials on nonload limited seats. Selection
of materials should emphasize:

1. Best strength-to-weight ratios

2. Maintaining ductility to prevent brittle failures

3.  Standard elastic analysis/selection methods for most working life conditions

4.  Behavior beyond the yield point analysed for energy abeorption purposes.
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RESTRAINT SYSTEMS
DESIGN PRINCIPLES FOR PERSONNEL RESTRAINT SYSTEMS

Statistics on U 8. Army aircraft accidents indicate failure of personnel restraint harness as a frequent
cause of injuries and fatalities, From Volumes [ and 111 of the Guide, a crashworthy aireraft is to
“climinate unnecessary injuries and fatalitics in relatively mild impacts.” However, Vulume 11l also
states in a different context that the Army goal for seat and restraint systema is to “reduce occupant
decelerative loading to within human tolerance limits,” that “ideally ... structure should minimize
occupant accelerations to survivable levels in a severe crash environment. * In other words, Army
policies in establishing design prineiples for personnel restraint systems are to prevent injury to ali
occupants in crash conditions approaching the upper limits of survivability.

Belt and crotch strap remain the standard for U.S. Army flight crews by recommendation of the
authors of the updated guide (crotch straps are to oppose harness loads on the belt). Troap and
passenger requirements were different; the most recommended system was an inertial harness
over each shoulder connecting to a center-body lap-belt bucide, and secondly, a system with a
diagonal shoulder-to-belt anchor strap positioned to restrain the occupant from protruding outside
the aircraft during lateral loading (similar to automotive systems).

Inflatable restraint belt and harness were described as a more complex and costly alternative that
will reduce restraint slack by automatically pretensioning the cystem to better contrci impact
response. Another related inflatable alternative is air bags, which are conspictous in their absence
from Guide discussions.

-
- Numerous human body restraint methods have been proposed, investigated and/or used; some are
= “exceptionally good”, others “left much to be desired.” Desirable qualities are:
1. Comfortable light weight
- 2. . Easy to put on and remove even in the dark
3. Feature a single-point release easily operated with either hand, and protected from inadvertent
my release, e.g., being struck

4. Provide freedom of movement to operate the aircraft controls, e.g., through the use of an inertia
reel with the shoulder harness

5. Provide sufficient restraint in all directions to prevent injury in a potentially survivable crash

6. Webbing should provide a maximum area, consistent with weight and comfort, for force
distribution in the upper torso and pelvic regions and should be of low elongation under load to
minimize dynamic overshoot,

GENERAL DESIGN CRITERIA

General design criteria are as follows:
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1.  Comfort should not be unduly compromised by crash survival systems or improper adjustment by
usors i8 a likely outcomo. Hardware should not contact bony portions of the torso, and assemblages
should bo compatible with the desired location on the body. Webbing should not be so wide or stiff
as to restrict ventilation {or cause chaffing),

2. Emergency reloase should be based on a single-point release for the belt-harness combination,
operable by either hand with 20 to 30 pounds force and operable regnrdless of the occupant
position {e.g., upside down). However, accidental opening should be provented. The buckling
system should be insensitive to rotation and alight misalignments such as misaligned pirzs that
might shear in series.

3. Lap-belt anchorages involve a series of constraints: a) It is desirable to anchor to the seat or the
anchorage must accommodate posaible seat motion. b) Both forward and vertical loading must be
accommodated. Submarining (i.e., slipping down through the lap belt) should be prevented.
However, the lap belt should not restrict freedom of leg motion for pilots. ) When necessary to
counteract the up loads of the harness, lap-belt tiedowns (i.e., crotch straps) should intercept the
seat pan (14 to 16 in. forward of the seat back). d) Adjustment hardware should carry at least the
same design loads as the webbing without slipping, crushing or potentially jamming the webbing. e)
Adjustment and release hardware must not be located over skeletal structure (e.g., lap-belt hardware
over the iliac crests of the pelvis) and harness hardware should ride as low on the chest as possible.
f) All materials should be ductile enough to deform locally (with a recommended minimum elongation ]
value of 10%). i

COMMENT: The influence of belt-harness angles are discussed on page 214,

4.  Seat structural connections: a) Criteria for bolts should continue as practiced (10 to 26% safety
margin and typical 0.26 inch diameter to avoid over-torque), and criteria for rivets and welds i
should continue as practiced. b) Seat mountings may vary, including combinatiora of ceiling, ‘
bulkhead and floor, all using energy abeorbers. Structural joints ehould permit angular
distortions. Similar principles and criteria apply for bulkhead mounted seats. c) Guide authors
preferred that restraints be anchored to the seats; the key factor is to permit seat deformation
and associated energy absorption to occur (which could be inhibited by anchoring harness to
the floor), and without loosening of the helt.

5. Woebbing und attachments: Restraint harness also could vary in required load capability,
according to whether a load limiter is used. However, authors of the Army Guide suggest a
standard, single strength interchangeable hamess to avoid risk of & mix up in installation.
Minimal webbing elongation is proposed as necessury to avoid dynamic overshoot. It also
minimizes potential for secondary ispacts; for this reason the Army resists energy absorption
applications. Added precautions are necessary where webbing is folded or bent at hardware
interfaces, in order to aveid compromising strength requirements, e.g., from concentrated
loads or from war. Energy absorbing webbing is not recommended for use in seating
systems,

COMMENT: In computer simulations done in the TARC study, increase in belt strength and
corresponding reduction in stretching resulted in a reduction of “submarining tendency”, lumbar
compreseion and seat loads but an increase in restraint system loads and thorax loads, The study

* showed (and pereonal communication with USAF AMRL confirmed) that a level of belt strength
exists heyond which further reduction in stretch avails little benefit.
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6. Inertin reels ave installed when full freedom of movement for the crewmember is denired,
a) Both impaet sensitive and rato sensitive reels aro usod. Rate sensitive reels are preforred
by Army for helicopters and light fixed wing nireraft hecnuse of the multidirectional
posaibilitics for impact, which may not trigger the impact senaitive system. b) Sometimes,
retenctors or power haul-back fentures are also used. When used, powered haul-back
mechanisme are used to rotract slack (¢0.g., for seat gjection). Howevor, automnted haul-back
for crash restraint should be aveided, rince the time lapse between triggering and houl-back
will result in an added contribution to body londs (the sum of crash and retractor loads).
«, Wflatable systems act much faster than automated hanul-back and have lean take up
capubility; thus the Army will consider inflatable systemas while rejecting automatic
haul-back.

TYPES OF RESTRAINT SYSTEMS

Representative restraints used by the U.S. Army are presented in figure D-6.1 (a through e).
Configuration (a) is the “minimum acceptable” U.8. Army system. An improved lateral restraint
system is illustrated in (b), which adds more shoulder restraint against sideways motion, In (c). a
crew chiefigunner restraint system provides for ability to move out of the seat but be instantly
restrained when he returns. Troop/passcnger systems are illustrated in (). An automatically
inflatable system is illustrated in {e); this one automatically pretensiona to force the accupant back
into his seat and eliminates potential for looseness and extended dynamic response,
e.g., overshoot.

RESTRAINT ANCHORS
Lap-Belt Anchorage

Lap-belt anchors may be on the seat bucket or on aireraft structure. Structural mounting musi
assure that the restraint remaine effective regardless of seat position. Structural attachment will
not be practical when the seat includes longitudinal load limiting. Lap-belt anchor location is also
congidered a comfort factor; locating it too far forward interferes with movement of the lege. This
is considered important for pilots but not important to passengers since they are not required to
perform operations with their legs.

By Army practice, submarining is considered to be prevented by a lapbelt tie down strap, by
locating the belt & its centerline falls 2 to 2.25 in. forward of the scat reference point, and/or by
assuring that the angle between the lap belt centerline and the buttock reference line is at least
45° (but not exceeding 56°) for a 50th percentile cccupant (fig. D-6.2). The 45 to 56~ sngle has
priority aver the 2 to 2.26 in. location dimension. Sub:aarining can also be reduced by ensuring
that the lap belt is tight.

COMMENT: Data on which these conclusions are based appear to be twofold. First, from practice, it
was long ago presumed that the belt should be anchored low and forward enough to keep it on the
pelvis, but aft far enough to keep the occupant from sliding forward off the seat — with 46 to 56° an
obvious solution as effecting the most direct compromise between the two (R.F. Chandler, SAFE
Panel Discussion on Attendant Restraint Improvement Study, December, 1979, Las Vegan).
Another basis appears to have been selected from the data of figure 1-5.3, although the referenced
sources do not particularly emphasize, for example, that some dummics are predisposed to
submarine, or that the only clear source of harness angle data (which these data are from) ia hnsed
on a bandolier type shoulder harness (with twisting and compression confounded) and & scat with
extremely reclined seat back and seat bottom. Shoulder harness criteria were lso based on visual
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Figure D-5.1 - Types of Restraint Systems
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observation of slow motion film with no physical measurements to support conclusions regarding

vertebrne compression,
Shoulder Harness Anchorage

The shoulder harness may be placed either on the seat back structure or on the basic aircreaft
structure. Strap routi-y must avoid the possibility of interference or constraints from seat
adjustment or energy absorbing stroking. Additionally, the relationship of the harness angle to an
aft horizontal tangent to the shoulder should be minimally effected by seat adjustments. The
position of the Army Guide is that the aft, horizontal angle of the harness from the shoulder
ghould not exceed 30° up from the perpendicular to the seat back, and the intercept with the seat
back should not be lower than 26 in. above the buttock reference line {figure D-5.2). Lateral
movement in the seat back guide for the harness should be restricted to 0.5 in. or less.

COMMEHNT: For lower load levels, a much wider range of angles may be possible; otherwise use of
the same seats by men and women would require two harness systems. The result of systematically
varying seat belt and harness angles for a traditional *4 anchor” or “4 point” system (with 2 9 G
crash pulse) is illustrated in figure D-5.4, based on the TARC 216-10 (ref. D-3) application of the
highly calibrated PROMETHEUS Il model. Selected combinations showed submarining could be
controlled over a wider range than had been presumed as indicated by belt slip and pelvis rotation
for incipient submarining (2 in. and 27°, respectively, in the model), Additionally, there was no
marked influence on estimates of lumbar compression loads within the range of +40° for harness
angles and 25°/30° to 70° for belt angle (with broader ranges apparently feagible in some special
combinationa). (Such daia were for a horizontal seat pan and a vertical seat back.)

The TARC study also indicated that scat configuration (i.e., pan angle and back angle) influences
restraint system performance. Figure D-5.5 illustrates the variation in performance with a
“4-anchor” system as the seat pan and back angles are systematically altered through a range
of settinga.

The TARC study also showed that changing restraint system design can have a marked influence
on restraint system effectiveness. Figure D-5.6 illustrates the change in retention performance
with different restraint systems configurations. As illustrated, alternative configurations can
provide marked retention improvements with no change in anchorage and no significant penalties,

Lap-Belt Tiedown (Crotch) Strap Anchorage

This strap is to prevent ride-up of the belt when used. It should intercept the seat pan centerline
14 to 15 in. forward of the seat back,

ADJUSTMENT HARDWARE

Adjusters are to carry the full design load of the subasserbly of which they are part, without
slipping or crushing webbing. Required adjustment force should not exceed 30 Ib. Adjusters are
not to be located over skeletal hard poinss (iliac crest of pelvia, collar bones).

DELETHALIZATION OF COCKPIT AND CABIN INTERIORS

The main purpose of “delethalization® is to minimize potential for injuries that jeopardize
emergency evacuation. The kinematics of body action aseociated with aircraft crash impacta can be
violent, including flailing of body parta. The Army position is that this is severe with only a lap
belt as the restraint, but multidirectional flailing is still extensive with a lap-beltishoulder
harness combination.
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COMMENT: Therae ia little evidence that such dramatic multidimensional and injurious flailing of
the limbs occurs in lavge commercial airplanes. Reports suggest that if it oceurs most such action
appears to he allied with the primary impact loading m the forc-and-aft direction, since there is
little cartwheeling or large lateral acceleration evidenced in large aireraft impact,

he occupants’ immediate environment should be designed po that injury potential is minimized if the
body parta flail and contact rigid or semirigid structures in the immediate environment. Alternatives
are to move the hazardous object (or structure) out of the flail zone, mount it on { rangible or energy
absorbing supports andfor apply a padding material to distribute contact force over a larger arca on
the body member.

ENERGY ABSORPTION

Energy absorbing devices are introduced with the statement that the seat structure must possess
either the capability of sustaining the maximum inertial forces imposed by the deceleration of the
occupant and seat, witheut collapsing (i.e., deforming or failing), or have sufficient energy absorption
capacity to reduce the occupant's velocity to zero before structural failure occurs. The first
alternative could involve excessive strength (and weight) requirements to accommodate dynamic
overshoot factors of 1.2 to 2.0 (i.e., load factors to twice as large as design loads). The second
using controlled collapsing behaviors offers 2 more practical approach, It does offer the capability to
better control force levels relative to human tolerances. Of course, neither approach is totally
achievable.

COMMENT: Ultimately, design for any approach will be exceeded; there is no way to assure uitimate
survivability. Even the selection of a 95th percentile crash was based on recognition of this fact.
Nevertheiess, wording frequently overlooks this fact.

CRASH ENERGY ABSORPTION

During crash loads, the occupant’s center of gravity acquires a distinct velocity relative to the
airframe. Maximum relative velocity may become large. In turn, the seat must sustain the applied
loads or possess sufficient energy absorption capability to reduce the occupant'a relative velocity
before structural failure oceurs. The Guide emphasizes the desire to obtain the greatest energy
absorbing stroke from the seat (for Army conditions with widely varied impact loads). This
receives independent emphasis without regard to energy ubsorption from other system elementa.
Increasing occupant stopping distance during a crash can reduce impact loads and thus improve
tolerability levels for imposed decelerations. Methods include:

1. Additional crushable airframe structure
2.  Energy-absorbing landing gear

3. Seat design with energy absorbing mechanism(s) (e.g., load limiting or controlled
peat collapse)

4. A combination of the above
Common misconceptions exist; related comments are:

1. The seat energy-sbeorbing system does not abeorb all the energy associated with the
impact velocity.
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2. The firat comment also explaina why slack in the restraint system or seat attachments i
undesirable; added stroking to accommodate larger relative velocity will be required to
decelorate the occupant.

3.  The seat energy absorbing stroke simply lengthens the stopping distance of the occupant by
allowing the seat to stroke as other energy absorhing processes are nearing completion.

4, Disregarding dynamic response differences, the same stroke distance is required to
decelerate any mass at a given deceleration magnitude. Therefore, lighter people do not
require shorter strokes than heavier people (however, a different energy absorption
cliaracteristic is required).

COMMENT: Stroking must occur in such a way as to minimize the possibility of entrapment.

ENERGY ABSORBING REQUIREMENTS FOR COCKPIT AND CABIN INTERIORS

Two categories of head impact injury are of primary concern—skull fracture with potential brain
damage, and facial tissue and bone structure injury with lesser probability of brain damage.
Penetration by protruding objecta is also of concern, Trauma from intercranial leaions is mentioned,
but without criteria other than to reduce level of acceleration, rate of onset and amount of energy
transmitted to the head.

The Army position is that “acceleration experienced during secondary impacts of the occupant
with the surrounding structures must be reduced to a tolerable level.” Padding material should
both reduce the decelerative force and distribute the load for uniform pressure. Candidates for
energy abeorbing include instrument panels, glareshields, other interior surfaces within the strike
zone, and seat cushions.

Empirical System Response — Theoretical and empirical information is presented on dynamic
energy absorbing response, on empirical development of crashworthy armored seats, and on load
limit devices. Extensive discussion is not warranted for this abstracting summary. (A much
gimpler calculation method based on handbook data is presented in the appendix D-A to this
present report}.

ENERGY ABSORBING DEVICES

As summarized for the Guide, a multitude of devices for absorbing energy have been proposed,
developed and tested, Desirable features of such devices are:

1. The device should provide a predictable force-versus-deformation trace. -

2. The rapid loading rate expected in crashes should not cause unexpected changes in the force-
versue-deformation characteristic of the device.

3. The ussembly in which the device is used should have the ability to sustain tension and
compression. (This might be provided by one or more energy absorbers, or by the basic
structure itself, depending on the system design).

4. The device should be as light and small as possible.

5. The Specific Energy Absorption (SEA) should be high.

223




B R o

224

----- TR ey e

5.  The device should be economical.

7. The device should bo capable of heing relicd upon to perform satiafactorily throughout the
life of the aircraft (for Army, a minitum of 10 years or 8000 flight hours) without requiring
maintenance,

8. The device should not be affected by vibration, dust, dirt, or uther environment effects. It
should be protected from corrosion,

9. The device(s) ehould decelerate the occupant in the most efficient manner possible while
maintaining the loading environment withit. .o limits of human tolerance,

Numerous load limiters have been devised. The concepts are illustrated and described in figure
D-5.7. Body decelerations tend to normalize near the G level corresponding to the limit load factor of
the energy absorbing device. An optimum device cannot be selected for all applications on the besis
of available data. Rather, the data of the figure presents concepts and guidelines which can be
considered relative to specific applications.

SEAT STRENGTH AND DEFORMATION DESIGN REQUIREMENTS

Design should be based on typical weight of the occupant, not the extreme weight, The restrictions
placed on crew seats, including stroke length, control access, and seat armor limit flexibility of
design options. The weight of combat gear is not included in Guide recommendstions for crew
seats. Since the large majority of flight hours are not in combat, it is probable that flight crew
members will also be lightly equipped. This minimizes another problem, If the full range of
weights were to be accommodated, a weight sensitive energy absorbing system would become
mandatory in order to protect the occupants over the full range of weights.

Occupant weights determining the effective design loads for seats recommended design loads are
based on 5th through 95th percentile weights for men, i.e., 144 through 22 ib, for crewmem, with
1126 to 176.2 Ib. vertical effective weight (effective weight reducea seat load considerations by
the amount of the occupant’s legs, which rest on the floor. As the authors point out, the ideal
situation would be to permit energy absorbing stroke length for the 95th percentile occupant using
deceleration limits based on the 5th percentile (who would load the systern less and require more
yielding ductility, i.e., a lower yield, for the same load reduction capability). However, a8 they alsc
point out, compromises must be made since the resulting needed stroke distance will not be
available in aircraft. A greater weight variation exists for troops and seats should be designed to
accommodate them. The 95th percentile should be considered heavily clothed and the lith
percentile lightly clothed.

COMMENT: A wide variation in occupant weight cannot be avoided in the commercial environment.
Strength

The Guide authora consider that “an elastic stress analysis, as used in the design of airframe and
gircraft components subjected to normal flight loads, is inadequate for the study of all the
structure in a crash situation ... the load carrying capacity of components deformed beyond the
elastic limit should be considered in determining the ultimate seat strength.”

Strength and Deformation

In diacussing this subject, Guide authors first point out that some stroking {or displacement} will
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occur for all aystems if thoy are to remain in place during deceleration loads. A minimum
displacement musat be achieved if the system is to remain in place during n given gcceleration
pulse. In other words, there is an inherent load deflection cueve and travel limit envelope which
imposes definite limits on the ability of any system to resist impulse loading. Intentional load
limiting is thus the control of this deflection to make best use of the space available in order to
absorb energy and to optimize the occupant's capability to survive the loads imposed. Additionally,
structural joint deformation should be capable of large angular distortions in all directions without
failure, {e.g., bending moment hetween leg and sitting) including floor distortion and seat
pan distortion.

PADDING MATERIALS AND PROPERTIES

Plastic foams are considered by Army Guide authors as the most useful type of mataeriala for energy
absorbing padding. Both slab and molded foams are practical, and they are considered by Guide
authors to permit selection evaluation based on processability; mechsanical, thermal and chemical
properties; and cost. Characteristics of “suitable materials” include the following; representative
uses are identified in figure D-5.8.

1. Adaptability and ease of processing

2. Nontoxic fume generation

3. Favorable flammability rating

4. Minimal smoke generation

5. Durability and long life

6. Cost competitive

7. Aesthetic

8. High energy dissipation

9. Effective load distribution
10. Low rebound
11. Temperature insensitivity
12, Low water absorption

13. Resistance to chemicals, oil, ultraviolet radiation, and suniight

Additionally, relevant mechanical properties include;

1.  Density 6. Compressive modulus
2. Tensile strength 6.  Flexural strength
3. Tensile modulus 7. Flexural modulus

4. Compressive strength
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Semirigid and flexible urethane foam

Aircraft, automobile, and furniture seat cushions,
safety padding, arm rests, sun visors, horn but~
tons, bedding, carpet underlay, packaging delicate
products.

Polx!inxlchloride foam

Crash padding in automobile head liners and sun
visors, flooring, shoe soles and heels, automo-
bile door panels, seating upholstery gealants,
gagskets, bumperstock.

Polystyrene foam
Insulation, packaging.

Expanded rubbex

Bus and subway seat cushions, truck and ship
mattresses, gaskets, hose insulation.

Polyester foam
Short-run, custom-type seat cushioning.

Polyolefin foam

Packaging, gasketing, water sports equipment, rug
underliay, athletic padding, antivibration padding.

Nots: Data from Army CS0G,

Figure D-5.8 - Energy Absorbing Plastic Foams and Some Typical Applications
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H.  Tear strength 12, Rebound

Y. Compreasion set Ll Hordnoss

10, Compression deflection 14, lmpact

11.  Elongation

APPLICATION OF PADDING MATERIAL AND DUCTILE MATERIALS

“In the absence of data for extremity impacts, it is assumed that padding material that is suitable
for head impact protection is also suitable for protecting extremities.” Strike zone areas with radii

of*2 inches or less” should be padded to a "minimum thickness of 0.75 inches™.

Ductile. energy absorbing materials and breakaway panels should be used where possible.
Swearingen (ref. 1)-9) is cited ns demonstrating “that at impact velocities of 30ft/sec against rigid
structure padded with materials even 6 in. thick, unconsciousness, concussion, and/or fatal head
injuries will be produced. The Guide continues, “where possible, deformable structure and padding
material should be considered to absorb the impact energy and to adequately distribute the forces
over the face” (fig. D-5.9).

COMMENT: Effectiveness of padding has been accepted as being adequate for lesser thicknesses
in commercial aircraft, which also have lower G criteria. There is also & question us to whether the
same level of protection is needed for the extremities. From enrlier Swearingen work, it was
concluded that covering a head impact surface with 1 in. of Koreseal, (since superseded by Ensolite
AH, or equivalent), would be considered to provide for delethalization.

SEAT CUSHIONS
Seat Cushions — General Requirements

Seat cushions should preclude body contact with seat structure while being light, tough (wear
resistant), easily replaced, comfortable, and ventilated and provide flotation, while minimizing
motion during crash loading and rebound after crush loading. For Army purposes, load limiting
cushions were considered to be undesirable. Net-type cushions are usable if designed to limit
maximum deformation and return movement, and to control potential for submarining or dynamic
overshoot. Furniture type back cushions are acceptable; finally, a head rest should be provided to
provide whiplash protection.

Direct contact surfaces of the seat bottom and seat back “should be designed for comfort and
durability.” However, “sufficient cushion thickness of the appropriate material stiffness should be
provided to preclude body contact with the seat structure when subjected to cither the apecified
operational or crash loads. ... The conflicting requirements of long-term comfort-versus-crash
safety considerations have made this a difficult design area.”

From comfort emphasis in the pust, thick, soft cushions were used, spreading the load to avoid
buttock pressure points. Holes or forced air flow {or net cushions) provided for covling.

COMMENT: However, the softness of such cushions permits a velocity build-up as the soft
material compresses farther. Build-up is rapid during initial loading then followed by a shorter
stopping distanre during the final stages of high deceleration loading — for a nonlinear stopping
characteristic that puts major decelerations over a much shorter distance. In order to minimize
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Figure D-5.9 - Summary of Maximum Tolerable impac!t Forces on a Padded Deformable
Surface ( Swearingen, 1965)
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such initinl motion, crash safety considerations require a minimal thickness of soft foam. One
appronch uses a cushion base contour of a “universal” buttock configuration with foumn layer(s)
ndded. Rate-sensitive (conforming, but hard to sudden impaet) foam can be used on top of the base
to soften contact somewhat. For example, a thin lnyer of soft foam may be used on top for comfort
material and permit ecoling air motion.

According to the Guide, seats of light movable weight (less than 30 1b.) should use cushions for
comfort only, Maximum uncompressed thickness should be 1.6 in, unless cushion design and
material properties produce a beneficial result in reduced transmission of force. By Army criteria,-
the optimum seat cushion will:

1. Be extremely light weight

2. Possuss flotation capabilities

3. Be nonflammable

4. Be nontoxic; will not give off fumes when burned, charred, or melted
5. Be tough and wear resistant

6. Be easily chungeable

7. Provide comfort by distributing the load and reducing or eliminating load concentrationg

8. Provide thermal comfort through ventilation

9. Provide little or no rebound under crash loading
10. Allow an absolute minimum of motion during crash loading
Energy Absorbing Cushiona
Cushioning materials used to absorb energy include foams, honeycomb, and net-type cushions. *In
most cases, the back cushions will not play a significant role in crash dynamics; however, it will
infleence comfort and can influence the injury tolerance of the spine.” Lumbar supports are
desirable; a lumbar support that holds the lumbar spine forward slightly increases tolerance to
vertical spinal loads.
However, use of cushions per se as load limiters is undesirable. Resulting downward motion of the
torse will produce added restraint harncaa slack (when it ia desirable to minimize same). Also “a
crushable cuahion does not make optimum use of the available stroke distance,” since crushing
space is necded and cushions can be only 76% as efficient as a mechanical load limiter, They “are |
impractical in rotary and light fixed-wing aireraft because of the long stroke distance required to
attenuate the high vertical loads” required by Army criteria.
HEADREST
A 1.5-in. headrest should be provided for occupant head/neck whiplash protection from backward
flexure of the neck. "Cushioning can be provided by a thin pad and deformable headrest or a thicker -

cushion on a more rigid headrest.” Results of the TARC study {ref. D-3) indicated that a less thick
headrest would be desirable to accommodate a full range of male and female population.
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TEST
Structural Subsystem Test Requirements

For Army systems, both static and dynamic tests of prototypss are recommended, including testing
of seat and litter aysteme as complete units, Component testing is to be used wherever possible,
Subsequently, tests are to include cushions in place, seats full up and full back (unless a more critical
position exists) and normal floor buckling and warping conditions set up for the most critical
impedance to seat stroking. Seat mounts should be actual aircraft hardware. Seat deformation
should be measured as near the seat reference point as is possible. Subsequently, only quality
assurance teeting is necessary unless major structural changes occur. If desired, dynamic tests with
loading in all principal directions may be substituted for static teats, In static test, both unidirectional
and combined loading tests should be used, with test loads applied proportionately through a body
block restrained in the seat by the restraint system. Multiple tests are specified, using the effective
weight of the 95th percentile male for all but the downward loading, which uses the effective weight
of the 50th percentile male. Multiple occupancy seats should be fully occupied when tested;
additional tests should be accomplished for other adverse conditions that are identified.

The authors’ discussion of static versus dynamic teating recommends that static tests be used
because real time observation is possible, structural response information is more comparable to
typically used static analyses, and tests are more economical. However, all U.S. Army prototype
seats should be dynamically tested for two conditions, (1) downward at a 30° forward and
sideward tilt and, (2} forward at a 30° side facing angle.

To reduce costs, special dynamic test conditions are permitted for seats having less than a 12-in.
stroke. First, the costly full-scale crash test is considered desirable. However, and secondly,
alternative dynamic testing of the seat only with a two stage pulse is acceptable, using a smaller
initial G plateau representing failure of the gear and increasing to a later higher G plateau
representing fuselage cruching. (Landing gear data to be based on results from drop test; fuselage
properties are to be determined by the most comprehensive and rigorous analytical techniques,
supported by test data).

Personnel Restraint Harness Testing

Army requirements include static and dynamic test of restrainta along with the structure to which
attached. Additionally, all components (webbing, tiedowns and hardware in the load path) as well
ae subaseemblies should be statically tested separately to verify strength and elongation.

Head Impact Test Procedures

Head impact test procodures are most often to use a head form equipped with an accelerometer
and to propel to impact with the surface to be evaluated via controlled drop, swing (pendulum) or
ram.

Standard Test Methods for Energy Absorbing Foams

Among tests used from ASTM D 1564-71 (Standard Methods of Testing Flexible Cellular Materials
— Slab Urethane Foam) are both load deflection and compression set. Numerous tests for various
poeeible applications are defined. For “reasonable survival potential for head impacta as velocities
up to 20 ft/sec with & padding thickness between 1.5 and 2.0 in. ..."acceleration of the head should
not exceed 60 G and sufficient material must be crushed to reduce the head velocity from
20 ft/eec to O ftieec in the procesa of abeorbing the head kinetic energy of approximately
60 to 90 ft-Ib."
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Evaluation criteria for load distributing applications involves the assumptions that “A load
distributing pad should permit the face to penetiate the surface easily, then maintain a cushioning
layer of foam between the base and the underlying structure during collapse of the
understricture.” In terms of energy absorbing efficiency, Rusch (ref D-10) is cited as stating:

1. “Energy absorbing characteriatics of a brittle foam are superior to those of a ductile foam,

2. “The optimum energy abeorbing foam has a large cell size, a narrow cell size distribution, and
minimum number of reinforcing membranes between the cells; and

3. “Foam composites offer no significant advantage over a single foam.”




APPENDIX D-A

Two topica related to crash pulses are discussed herein. The discussion turns on the relationship
s = vI*, where v is the velocity content of the pulse (the pulse is assumed to stop an object with initial
velocity v), T* is the time coordinate of the centroid of the pulse, and s ie the stopping distance. The
above formula is convenient to apply since the centroide of atandard pulse shapes (e.g., triangles,
trapezoids, sinusoids) are tabulated in engineering handbooks. The relationship reduces the
problem of solving the differential equations of motion to the simpler geometric problem of computing
T*.

The topics are: discussion of errors in the estimation a = v2/2s, where a is the average pulse
acceleration and. v and s are as defined above; and a simplified method for computing energy
absorber stroke requirements.
Before discussing the topics of interest the relationship 8 = vT* will be derived.
Derivation of 8 = vT*
Let s(t), x(t) and X(t) denote the position, velocity and acceleration of the vehicle as functions of time.
Assume that an acceleration pulse x(t) of duration T is given. Further,

x(0) = 0, x(T) =3, x(0) = v, x(T)=0.

(i.e., the vehicle crashes with initial velocity v, coming to rest in time T and distance 8).
We can write from basic definitious:

{
x(1) = v +f X(r)dr (1

(4]
t t
x(1) ’I (V +J’ x (1) df)dl' (2)
0 0

From equation (1),

T
x(T)=0=v +f x(7 )dr, or

o
T..
f x(7) dr = ~v (3
o

Integration of equation (2) by parte and imposition of the requirement that x(T) = & gives

T
x(T)=s= -J‘ t%(1) dt (4)
4]
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Now define T* as the time coordinate of the centroid of the area under the deceleration curve - that
18,

(o f ([ )

Substitution of equations (3) and (4) into equation (5) gives
T = (s)(-v) = sfv, Q.E.D.

Errors in the estimation formula a = v2/2s

If the crash impact velocity v and stopping distance s can be determined, the Guide recommends
the following formula for estimating the average crash deceleration a;

h
a = -y=fg

(o)

If the crash pulse is in actuality skewed so that the majority of the acceleration occurs early in the
crash, equation (6) overestimates the magnitude of a. To see why this is 8o, consider two aircraft
crashes represented by the two triangular deceleration pulses shown in figure D-A.1. The pulses
have the same average deceleration (v/T) as well as equal duration, equal magnitude, and equal area
(the area represents the impact velocity v). The aireraft in the first crash will stop in a shorter distance
(s) than the aircraft in the second, because the deceleration is applied more quickly. Thus,
equation (1) would incorrectly predict a larger average deceleration for the first crash than for
the second.

The correct relationship requires knowledge of the pulse shape. To derive the relationship, first
note that the true average acceleration a is given by

a=-vfT, (7

where T is the pulse duration.
The relationship
vi*fs=|
was derived in the preceding section, Thus

a==(v/TH1) = (v/TUvT*/s),
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which can be rearranged to rend

N RN R VR N URTATEY (R}

The implication is that when the deceleration pulse is shaped so that the majority of the deceleration
occurs in the first half of the pulse, ie., T*< T/2, equation (6) overestimates the average
deceleration a, while if most of the deceleration occurs in the second half, i.e., T* > 112, then
equation (6) underestimates a. Equation (6) is accurate only when the centroid T* occurs in mid-
pulse — that is, when T* = T/2. Figure D-A.2 illustrates equation (8).

Equation (8) can be used to bound the error in equation (6). For example, the centroid of a

trapezoidal pulse of duration T muat fall between (1/3)T and (2/3)T. Equation (8) shows that the
maximum error inherent in equation (6) for a triangular or trapezoidal pulse is 33%, that is,

IT128) S0 § 413 v 28,

Estimating Energy Absorber Stroke Requirements

The function of an energy absorber is to reduce the peak loads experienced by a passenger. As a
result of energy absorber performance, the crash pulse experienced by the passenger has a
different shape than the pulse at the floor, The difference in pulse shape causes a differential in
stopping distance between the passenger and floor, which is achieved by deformation of the energy
absorber and is termed the energy absorber stroke.

The energy absorber may be regarded as a filter which modifies the shape of the deceleration
pulse. The stroke distance can be related to this filtering action in a simple, geometric way.

The stopping distance s is related to the pulse shape by the formula

s=vT*

where v is the velocity at impact and T* is the time coordinate of the centroid of the deceleration
pulse. The energy absorber stroke requirement is

stioke = S.’, - sl = \'(Tz" Tl.l. (l})

where the subecripts 1 and 2 refer respectively to the floor and passenger. The required stroke is
the initial velocity multiplied by the center of gravity shift caused by modification of the shape of the
deceleration pulse.
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Equation (9) gives an intuitive view of encrgy absorber performance, For example, equaticn (9) can
bo applied to compute the stroke distance required by a simple lond limitor under a triangular
pulse {figure D-A.3). From geometric considerations,

v =l
vir == at?
vy = 230kt 2at2) + (ki + T/2) KaT (10)

where T is calculated from

v=al=kd tf2+kaT (i)

Equation (11)ia used to eliminate T from equations (10), and the stroke is computed by subtracting
equations (10). The formula,

stroke = vT,* = vl * = al (k324 + k2 4 12K - 1), (12)

is easily obtained. This derivation is sitapler than the derivation in the Guide based on integration
of the acceleration pulses.
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